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SUMMARY 
The St. Lucia Estuary, the largest estuary in South Africa, has been subject to many natural 
(a decade long drought) and anthropogenic impacts. A particular mouth manipulation 
activity, the artificial separation of the Mfolozi River and the St Lucia Estuary in 1952, was 
done to stop the perceived “silting up” of the estuary, but resulted in a decrease in 
freshwater supply. The changes in inflows (both fresh and marine) are controlled by 
management decisions and affect other system parameters such as salinity, water level and 
turbidity, which influence the distribution of biota. Therefore knowledge on the physico-
chemical environment and eco-physiological tolerances of macrophytes will lead to informed 
future management decisions.   
The first of the three objectives carried out for this study determined the present state and 
distribution of the macrophytes of the St. Lucia and Mfolozi estuaries. The macrophyte 
habitats mapped in 2008 and 2013 were the submerged macrophytes, reeds and sedges, 
mangroves, grass and shrubs, salt marsh (succulent) and swamp forest. Results indicated 
that low salinity in the lakes and high water level in 2013 caused die-back or expansion of 
particular habitats. Submerged macrophytes, in particular Stuckenia pectinata, grows well in 
water with salinity <15 ppt, therefore this habitat increased by 412 ha (96%) in cover since 
2008. Salt marsh decreased by 553 ha (57%) due to inundation. Since 2008 the reeds and 
sedges increased by 390 ha (in North Lake and the Narrows) due to the salinity decrease. In 
the Narrows the mangroves decreased by 28 ha (9%) in area cover.  This was due to the 
drought that persisted for so many years, which caused low water levels and non-tidal 
conditions.  
The second objective was to determine the present state / health of the mangroves at four 
sites along the Narrows by assessing sediment condition and population structure of the 
trees. These results were compared to those obtained in 2010. The total density of 
Avicennia marina increased since 2010, however this was due to the large increase in 
seedlings at Site 1, the back channel site. The highest sediment salinity (26 ppt) and 
porewater salinity (29 ppt) was recorded for this site and these results show that this back 
channel site was strongly influenced by the open Mfolozi Estuary (increase in marine waters) 
and tidal conditions at the time of sampling in 2013. 
The total density of Bruguiera gymnorrhiza decreased, but an increase in adults was 
recorded at Site 2, the freshwater site. The soil collected from the Bruguiera quadrats was 
fresher and drier than that of the Avicennia quadrats of Site 2. Lack of seedlings (of both 
species) was due to the dense stands of Acrostichum aureum (mangrove fern) and 
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Phragmites australis (common reed) and a thick, impenetrable mat of Avicennia 
pneumatophores.  
At Sites 3 and 4, the drier sites (where sediment moisture contents were the lowest for all 
sites at 43 and 42% respectively), seedling and sapling density was low, but adults 
increased in density since 2010. Recruitment and survival were impacted by the harsh 
environmental conditions that prevailed prior to 2013 (low water level and non-tidal 
influence), but adults survived. 
The results of the test that determined the percentage of aerenchyma of the 
pneumatophores indicated that waterlogging stress did not affect the aerenchyma of the 
pneumatophores. However the period of inundation was probably not significant enough to 
have affected the production of aerenchyma.   
The third objective formed part of an ongoing study by the Global Environmental Facility 
(GEF) on the feasibility of linking the Mfolozi River back to the St Lucia Estuary and the 
responses of these systems to different management scenarios: 1) the “do nothing” 
scenario; 2) maintain separate Mfolozi and St Lucia mouths representing an open mouth 
condition; and 3) actively facilitate a single mouth (therefore linking the Mfolozi and St Lucia 
mouths). Data gathered on the eco-physiological tolerances of the dominant macrophyte 
species was used to predict the response of the different habitats to these various 
management scenarios and the results indicated that the best management scenario would 
be to actively facilitate a single mouth (Scenario 3) as the estuary habitats would increase 
significantly because of preferred tidal and saline conditions, as this would represent more 
natural conditions. The results of the study will provide input to recommendations for future 
“adaptive management” strategies for the Global Environmental Facility (GEF) Project.  
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1. GENERAL INTRODUCTION
The iSimangaliso Wetland Park (previously known as the Greater St. Lucia Wetland Park) is 
a Ramsar and World Heritage site, and is the largest estuarine lake system in South Africa 
(Taylor, 2006). Since 1952 the St. Lucia Estuary mouth was dredged to prevent the system 
from drying out in drought conditions; however this resulted in unusually high saline 
conditions in the estuary (Adams et al., 2013). The two mouths (St. Lucia and Mfolozi) were 
kept separate during this period. These conditions (often hypersaline) encouraged the 
growth of salt tolerant macrophytes (succulents and grasses). This mouth state caused die-
back of shoreline vegetation and erosion of the banks due to the increased tidal action. After 
the year 2002, the decision was made to stop the artificial opening of the mouth; however it 
was during this time that a drought persisted (for a decade) and saline conditions and low 
water levels were present (Taylor, 2013). Species composition was drastically altered and 
some were lost from the system completely (e.g. Zostera capensis, Adams et al., 2013).  
In addition to the severe drought that ensued for many years and mouth manipulation 
activities, St. Lucia has been subject to many other human based impacts that include an 
increase of activity in the catchment area and sugar cane farming on the Mfolozi floodplain. 
It has been recognised that the system requires a major change in management policy to 
restore ecological functioning (Clark, 2013).  
Macrophyte presence, abundance and condition are indicators used to determine the health 
of estuarine ecosystems (EPA, 2013). Therefore determining the state and distribution of 
vegetation in the St. Lucia and Mfolozi estuarine systems, particularly the Narrows and 
Eastern Shores was the first objective of this study. With the use of 2013 aerial photographs 
and GIS, the area covered by each dominant macrophyte habitat was calculated and these 
data were compared with results obtained in 2008 (when environmental conditions were 
different). An assessment of changes over time will give an indication of the state (health) of 
the macrophytes. The dominant macrophyte habitats included in this component were 
submerged macrophytes, reeds and sedges, mangroves, grass and shrubs, salt marsh 
(succulent) and swamp forest. The hypotheses for the first objective of the study are that 
since 2008 a decrease in cover (in hectares) for the succulent salt marsh and mangrove 
habitats is predicted, due to increased water levels (inundation) since the drought due to 
"wet" cycle) and decreased salinity in the lakes. The reed and sedge and submerged 
macrophyte habitats are expected to increase in cover due to preferred, lower salinity.  
In addition to vegetation distribution, a more detailed study on one particular habitat was 
carried out. The present state (health) of the mangrove habitat was assessed (second 
objective) by measuring population structure, aerenchyma percentage in pneumatophores 
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and sediment characteristics. The mangrove habitat of St. Lucia occurs in the intertidal zone 
of the Narrows. The health of the mangroves was first determined in 2010 by Hoppe-Speer 
et al. (2013) as non-tidal conditions and lowered water levels were expected to have an 
influence on the growth of Avicennia marina and Bruguiera gymnorrhiza species, found in 
the intertidal zone of the Narrows. The present situation (May 2013) is representative of 
higher water level and therefore the response of the mangroves to their new environmental 
conditions was investigated. Population structure and sediment characteristics were 
compared to the results obtained in 2010. It is expected that the mangrove population will be 
“healthier” as population numbers will increase as sediment conditions such as waterlogging 
improve in response to higher water level. In addition, the percentage of aerenchyma of 
Avicennia pneumatophores was determined. Aerenchyma is produced as an adaptation to 
flooded soils as it allows for root aeration and an oxygen passage for respiration 
(Purnobasuki and Suzuki, 2005). Therefore the hypothesis that the percentage of 
aerenchyma will be higher for those from waterlogged sites, compared to dry sites was 
tested by obtaining pneumatophores from both wet (submerged) and dry (emerged) 
quadrats.  
The third objective of this study was to determine the response of vegetation to various 
future management scenarios. Firstly, the cause-effect responses of vegetation to various 
environmental changes were collated from scientific literature and these data were used in a 
model to predict future responses to a set of scenarios. An example of a prediction based 
model is the DRIFT Model. It uses a combination of data and knowledge from different 
disciplines to produce scenarios that are flow-related and can be used by water managers 
(Brown et al., 2003). 
The GEF (Global Environmental Facility) was responsible for setting the management 
scenarios to be used in the DRIFT model. They awarded the iSimangaliso Wetland Park a 
$9 m grant, in conjunction with the World Bank to fund a project entitled: „Development, 
Empowerment and Conservation in the iSimangaliso Wetland Park and Surrounding Region 
Project‟. The scenarios were: 
1. „Do nothing‟ scenario
• No interventions such as dredging, rehabilitation, civil works, water transfers, mouth 
openings or closings. 
2. Maintain separate Mfolozi and St Lucia mouths with water transfer channels
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• Mfolozi and St Lucia mouths are kept separate but fresh water is delivered via 
smaller linking channel(s) and any other infrastructure, such as stilling basins. This is 
expected to bring low volumes of fresh water from the Mfolozi into the Lake system 
only when the Mfolozi mouth is closed. 
3. Actively facilitate a single mouth
• Actively link the Mfolozi with the St Lucia system and allow the joint mouth to operate 
as naturally as possible including closure during low flow periods.  
The project was divided into three components (Conservation, Conservation and 
Development and Institutional Capacity Building for Conservation) and this MSc study 
provided input to Component 1: „Biodiversity Conservation, Hydrology and Ecosystem 
functioning of the iSimangaliso Wetland Park - Analysis of alternatives to determine the most 
feasible solution to the hydrological issues of the Lake St. Lucia estuarine system‟ (Clark, 
2013). 
Available information on the eco-physiological responses of the dominant macrophytes was 
collated and used together with predicted physico-chemical changes in the environment, to 
predict the response of the macrophyte habitats to the above mouth management scenarios. 
The main hypotheses for the third objective are that with knowledge on eco-physiological 
tolerances of species, their growth and distribution can be predicted for various mouth 
management scenarios. Water level and salinity are the main drivers of the system and 
fluctuations in these abiotic components would result in changes in habitat composition 
(Adams et al., 2013; Taylor, 2013). An increase in water level would encourage the growth of 
macroalgae and submerged macrophytes and a decrease in water level would increase 
reeds and sedges and succulent salt marsh growth. Mangroves and swamp forest however, 
prefer fluctuating water levels. An increase in salinity would encourage the growth of 
macroalgae and succulent salt marsh, and a decrease would increase growth of all the other 
habitats.  
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2. LITERATURE REVIEW
2.1. PHYSICAL AND CHEMICAL VARIATIONS OF THE ST. LUCIA SYSTEM 
Only a brief overview is provided as detail can be found in Perissinotto et al. 2013.  There 
are approximately three hundred functional estuaries along the coast of South Africa, with 
Lake St. Lucia on the subtropical coast, comprising 55% of the total estuarine area (Van 
Niekerk and Turpie, 2012). The estuarine system is the most important in KwaZulu-Natal 
due to its size (lake size is 350 km2) (Whitfield, 2000). Although it falls within the protected 
boundary of the iSimangaliso Wetland Park and is classified as a UNESCO World Heritage 
Site (Taylor, 2006), the National Biodiversity Assessment of 2012 has the estuary ranked as 
„in a poor condition‟ (Van Niekerk and Turpie, 2012). 
St. Lucia is classified as an „Estuarine Lake‟ (Whitfield, 1992) and the system is 
characterised by highly variable salinity (oligohaline to hypersaline) that are dependent on 
freshwater input, evaporation rates and the duration of an open mouth. The St. Lucia system 
(Figure 1) is divided into False Bay, North Lake, South Lake and the Narrows and five rivers 
drain into the system, in order from north to south, the Mkuze, Mzinene, Hluhluwe, Nyalzi 
and Mpate Rivers. The Mfolozi and Mkuze are seasonal rivers that enter the Indian Ocean 
together, south of the St. Lucia Mouth (Stretch and Maro, 2013). The lake system is 
separated from the sea by large coastal dunes that flank its eastern bank (Taylor, 2006).   
5 
Figure 1: The St. Lucia system including its lakes and feeder rivers (Source: Whitfield et al., 
2013) 
6 
Due to anthropogenic impacts and management decisions made in the past (summarised in 
Table 30, in the APPENDIX), freshwater inputs and the mouth status of the estuary were 
altered. The Mfolozi River, classified as a „River Mouth‟ as it is freshwater dominated, has a 
high silt load and is shallow (Whitfield, 1992), was separated from the St. Lucia Estuary (a 
combined mouth) in the early 1950‟s. A change in catchment activities and canalization of 
the upper reaches of the river caused an increase in sediment load and the combined 
mouths closed due to an accumulation of sediments brought down by the river (Stretch and 
Maro, 2013). The decision was then made to artificially breach the St. Lucia mouth to allow 
marine water to enter the system. It was only in 2002, when a drought caused the mouth to 
close, that the decision to stop dredging was made (Taylor, 2013). The connectivity of the 
system has been a popular topic of research in recent years (Lawrie and Stretch, 2008; 
Whitfield and Taylor, 2009; Cyrus et al., 2010a, b; Bate et al., 2011; Cyrus et al., 2011; 
Lawrie and Stretch, 2011a, b; Whitfield et al., 2013) as it is recognised, in terms of its 
exchange of water, salinity and biota between the different parts, as a very important 
hydrological and ecological driver (Taylor et al., 2013).   
Freshwater and marine inputs into the St. Lucia lake system are necessary to maintain its 
“most important estuary in South Africa” status (Whitfield and Taylor, 2009). St. Lucia‟s 
major role is that of a nursery ground for marine species, which spawn at sea and whose 
juveniles depend on St. Lucia to complete their life cycles (Cyrus et al., 2010b), therefore an 
open mouth state is very important. A closed mouth state hinders the ability of the estuary to 
function as a nursery and this may have detrimental effects on fish stocks. St. Lucia was 
ranked first out of all the estuaries in South Africa in terms of its Fish Importance Rating 
(Turpie et al., 2002). Whitfield and Taylor (2009) reviewed the importance of freshwater from 
the Mfolozi River and results indicated that the system relied heavily on the river‟s inputs 
during drought conditions. The freshwater was needed to open the mouth, cause flushing 
and maintain fish stocks. The water from the Mfolozi River carries a high sediment load 
however and would have to be filtered by the Mfolozi swamp, before entering the system. 
Sediment can accumulate in both the lake and mouth area, the former would be irreversible 
and detrimental, as it cannot be removed and the latter would have to be dredged (Whitfield 
and Taylor, 2009). Primary production is also negatively affected by increased sediments, 
via to turbidity and reduction in light (Alber, 2002).  
Only two options for the recovery of the system were provided by Cyrus et al. (2010a), 
breaching the mouth of the St. Lucia Estuary or re-establish a permanent connection 
between Mfolozi and St. Lucia. In 2013 the Mfolozi Mouth opened to the sea and connected 
to the St. Lucia Estuary via the Beach Channel (Figure 2).  
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Figure 2: An aerial photograph taken in June 2013 shows the connectivity between the St. 
Lucia and Mfolozi estuaries (Source: Taylor et al., 2013 – June EKZNW Monitoring Report) 
For the purposes of this study, three scenarios and their consequential physical and 
chemical states were investigated. These included: Scenario 1, a predominantly closed St. 
Lucia Mouth; Scenario 2, an open St. Lucia Mouth and Scenario 3, a combined St. Lucia-
Mfolozi Mouth. Lawrie and Stretch (2011a) simulated monthly average salinities and water 
levels using a water balance model for all three scenarios. The results are discussed below. 
Scenario 1, a predominantly closed St. Lucia Mouth would result in low salinities (due to the 
reduction of marine waters) and highly variable water levels. Very low water levels, including 
desiccation of lake portions during the drought period were simulated (Figure 3) (Lawrie and 
Stretch, 2011a). Scenario 2, an open St. Lucia Mouth, separate from the Mfolozi River 
showed highly variable salinities, but water levels are kept stable due to the constant influx 
of water (Figure 4) (Lawrie and Stretch, 2011a). Scenario 3, a combined St. Lucia-Mfolozi 
mouth showed just how the artificial separation of the two systems had a huge impact on the 
natural functioning of the system as a whole. Prior to 1952, salinity was variable, but water 
levels were near to estuary mean water level (EMWL), which is the average level when the 
mouth is open (±0.25 m above mean sea level) (Figure 5). During drought conditions 
hypersalinity did occur when the mouth was open, but the freshwater inflows from the 
Mfolozi diluted the water during closed mouth conditions. Lawrie and Stretch (2011a) 
concluded that the biggest impact on the system was not the reduction of terrestrial inflows 
into the lake during the drought, but the anthropogenic impact that caused the separation of 
the St. Lucia and Mfolozi mouths. 
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Figure 3: Salinity and water level for Scenario 1, a predominantly closed St. Lucia Mouth 
(Lawrie and Stretch, 2011a) 
Figure 4: Salinity and water level for Scenario 2, an open St. Lucia Mouth (Lawrie and 
Stretch, 2011a) 
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Figure 5: Salinity and water level for Scenario 3, a combined St. Lucia-Mfolozi Mouth (Lawrie 
and Stretch, 2011a) 
The biological structure of the system is expected to change between scenarios, due to the 
large variability in their physico-chemical environments (salinity and water level). Lawrie and 
Stretch (2011a) expressed the need for a model that links the water/salinity balance model 
with biological changes to predict the ecological responses for each of the different 
scenarios. The same need was expressed by Taylor and Adams (2012) who stated that little 
is known about the large-scale physical processes that are responsible for driving the 
system, or the responses of the biotic components, despite the importance of St. Lucia. 
Understanding these responses has become even more important over the years as impacts 
from development increase. Future predictions and mitigation measures are necessary for 
the survival of the system and its biota.  
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2.2. MACROPHYTE HABITATS AND THEIR RESPONSE TO ENVIRONMENTAL 
FACTORS 
The first scientific investigation on the ecology of Lake St. Lucia was conducted in 1948, 
under Prof. J. Day. High salinity in the lakes and silting in the mouths were found to be 
responsible for the “scanty” aquatic vegetation (Day, 1948 as cited in Porter, 2013). Since 
then the park has been subject to many changes that included plantations of non-indigenous 
trees including pines and Australian Eucalyptus in an attempt to stabilise the sand dunes 
(which resulted in a decline in biodiversity) and government‟s plan to build a dam on the 
Hluhluwe River, to provide water for the production of sugar cane crops. This would reduce 
the amount of freshwater flow into Lake St. Lucia and was therefore met by public protest. 
The need for proper management of the park was great, and therefore the Lake St. Lucia 
Commission of Enquiry and the Natal Parks Board formed soon after and made significant 
contributions to the conservation of the area over the years (Porter, 2013). In 1997 the Natal 
Parks Board and the KwaZulu Department of Nature Conservation amalgamated to form 
what is now referred to as Ezemvelo KZN Wildlife (EKZNW) who are responsible for 
management of the iSimangaliso Wetland Park (previously named the Greater St. Lucia 
Wetland Park) one large, consolidated protected area, two and a half times the size of the 
minimum area required for long term conservation of natural areas (Porter, 2013).  
In 1999 the Wetland Park became South Africa‟s first UNESCO World Heritage Site. For a 
site to obtain World Heritage status criteria must be met. St. Lucia met three out of the four 
criteria: it had natural beauty and scenery, on-going ecological and physical processes and 
contained a high biodiversity of species that were both nationally and internationally 
important (Porter, 2013). St Lucia contains the highest concentration of rare animals and 
plants in such a small area with more than 2180 recorded plant species (46 of which are 
endemic) (Porter, 2013). The estuary also ranked first out of 246 estuaries of South Africa in 
terms of its botanical importance (Turpie et al., 2002). 
The aquatic macrophytes, plants that inhabit the littoral shallow regions up to depths of no 
more than 3 m, were identified and classified into seventeen estuarine vegetation units by 
Taylor et al. in 2005. These were divided into four primary habitats based on their physical 
determinants (salinity, water level and desiccation tolerance). 1) The water column, which 
included submerged macrophytes; 2) intertidal shorelines, which consisted of mangroves, 
Juncus kraussii and reed beds; 3) dry shorelines and islands, which included succulent salt 
marsh, saline grass and shore slope lawns, dry reed beds, Mariscus and Stenotaphrum, 
mud flats and sandy shorelines; and 4) lake margins with freshwater inputs included 
Schoenoplectus scirpoides, groundwater seepage-fed communities and groundwater-fed 
Phragmites.  
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Nondoda‟s study on the area in 2012 further divided Taylor‟s habitats, based on composition 
and distribution (Table 1). These units were used for the first objective of this study 
(determining the distribution of the macrophytes of St. Lucia) as the vegetation was mapped 
by Nondoda in 2008.  
Table 1: Summary table of mapping units (Nondoda, 2012) 
Mapping Units 
Mangrove Juncus kraussii and grass 
Groundwater-fed communities Hibiscus tiliaceus 
Dry Phragmites Non-estuarine vegetation 
Intertidal reeds Swamp forest 
Inundated reeds Casuarina equisetifolia 
Grass and shrubs Cultivated 
Salt marsh Development 
Submerged macrophytes Mud 
Sedge Sand 
Juncus kraussii Water column 
For the purposes of this study the habitats have been divided into 8 habitat units (Table 2) in 
order to simplify the modelling process for the third objective of the study (predicting the 
responses of the macrophytes to management scenarios).  
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Table 2: Habitat units and their dominant species 
Habitat Unit Dominant Species Location 
Macroalgae 
Ulva intestinalis, Chaetomorpha 
sp., Cladophora sp., Bostrychia 
sp. and Polysiphonia sp. 
Found at estuary margins, as 
epiphytes and associated with 
mangrove pneumatophores 
Submerged macrophytes 
Ruppia cirrhosa, Zostera 
capensis and Stuckenia 
pectinata 
Found predominantly in the 
Narrows 
Reeds and sedges 
Phragmites australis, 
Juncus kraussii and 
Schoenoplectus scirpoides 
Observed at sites with 
freshwater input at the margins, 
sometimes inundated. Juncus 
kraussii is observed at the 
vicinity of the Forks and the 
Narrows. 
Mangroves Avicennia marina and Bruguiera 
gymnorrhiza 
Observed in the Narrows and 
mouth area 
Grass and shrubs 
Sporobolus virginicus, 
Paspalum vaginatum and 
Stenotaphrum secundatum 
Sedge grass and shore slope 
lawn, observed in areas where 
there is no freshwater input, 
freshwater is provided by 
rainfall 
Salt marsh Sarcocornia sp., Salicornia 
meyeriana and Atriplex patula 
Succulent species colonize 
exposed saline soils in False 
Bay and in the mudflats of North 
Lake and are not tolerant to 
long periods of inundation 
Swamp forest 
Ficus trichopoda, 
Barringtonia racemosa and 
Voacanga sp. 
Observed on the banks of 
Mfolozi Estuary, in the vicinity of 
the back channel and Narrows. 
Swamp forest in other areas 
along the Eastern Shores was 
not mapped because it did not 
fall within the 5 m contour line 
Floating macrophytes 
Nymphaea nouchal, Azolla 
filiculoides 
Located primarily in creeks 
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Macrophytes were chosen as indicators of change because they are anchored and each 
species responds differently to environmental conditions, which leads to expansion or death 
of the species (Forbes, 1979; Taylor, 2006). The most important factors influencing the 
distribution of macrophytes at St Lucia were identified as turbidity, salinity and water level 
fluctuation (Forbes, 1979). Salinity is one of the most important factors that determine the 
distribution of the macrophytes in the St. Lucia Estuary. Droughts, floods and freshwater 
abstraction from the system cause a wide range in salinity (Taylor, 2006). Salinity not only 
affects the distribution of plants, but also their growth and productivity (Parida & Das, 2005).  
2.2.1. Macroalgae 
Macroalgae support a wide range of organisms as primary producers, a very important 
function within an estuarine system. They also cycle nutrients by taking them up (nutrient 
filters) and releasing them again through decomposition processes (Martins et al., 1999). 
Macroalgae in estuaries may be intertidal or subtidal, attached or free floating (Adams et al., 
1999). Species such as Enteromorpha, Chaetomorpha and Cladophora are mat forming 
algae and require a firm substrate for initial cell attachment and filament growth (Adams and 
Riddin, 2005).  
Internationally, ecological successes of macroalgae such as Chaetomorpha sp., Cladophora 
sp. and Ulva sp. in shallow waters are due to their large tolerance ranges in environmental 
conditions such as irradiance, temperature and salinity (Taylor et al., 2005a). Macroalgal 
blooms in estuaries are increasing due to the increase in nutrients (anthropogenic nitrogen) 
in the systems (Fox et al., 2012) and they are able to out-compete other species (such as 
seagrasses) as the canopies are not light-limited and they make use of nutrients in the water 
column too (Hauxwell et al., 1998). Their biomass is controlled by bottom-up and top-down 
processes such as nutrient supply and grazers (Hauxwell et al., 1998) and other factors such 
as light (Nielsen et al., 2002), desiccation and water movement (Surif and Raven, 1990). 
Macroalgae are reliable environmental indicators because their growth is affected by 
changes in nutrients, pollutants and sediments, almost immediately (Trancoso, 2002). In the 
St. Lucia Estuary filamentous green algae are common along the margins and as epiphytes 
(Ulva intestinalis, Chaetomorpha species and Cladophora species). Specific red algal 
species (Bostrychia and Polysiphonia species) are associated with the pneumatophores and 
buttress roots of the mangroves, which are used for attachment and growth (Lambert et al., 
1987; Bouzon and Ouriques, 1999).  
The physical properties of the estuary such as suitable habitat (extensive mudflat area), 
optimum light conditions and nutrient inputs (influenced by agriculture or urban activities) are 
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the primary controlling factors responsible for macroalgal abundance and productivity in 
estuarine waters (McGlathery and Pederson, 1999; Kennison, 2003). An optimum water 
level is necessary for the growth of macroalgal species as low levels can lead to desiccation 
(dehydration) as soon as the species is immersed. The loss of water puts the species under 
salinity stress and it is also removed from its source of nutrients (Lobban, 1994). High water 
levels may reduce light levels that must reach the macroalgae attached on the substratum 
too. However, macroalgae have also been referred to as “shade plants” (Lobban, 1994) and 
two species under the genus Bostrychia (simpliciuscula and radicans), showed a preference 
for shade when grown under various light irradiances (Karsten and Kirst, 1989; Karsten et 
al., 1994) (Table 5). The maximum growth rates recorded for green macroalgae were at 
irradiances from 18 to 175 µmol m-2 s-1 (Taylor et al., 2005a) and 60 to 120 µmol m-2 s-1 
recorded by Xu and Lin (2008).  
Macroalgae grow optimally at salinities that range between 15 and 20 ppt (Martins et al., 
1999) and 6.8 and 27.2 ppt (Taylor et al., 2005). Some species however, are able to 
withstand salinities as low as 0 to 3 ppt (Taylor et al., 2005) (Table 3).
Through laboratory experiments and field observations in the eutrophic Mondego Estuary in 
Portugal, it was suggested that by controlling the salinity of the water, the macroalgae Ulva 
intestinalis, which often forms dense blooms can be controlled (Martins et al., 1999). 
Bostrychia simpliciuscula was cultured under a range of salinities and the results indicated 
that although growth occurred between 5 and 60 ppt, the highest growth was recorded for 
brackish water conditions (Karsten et al., 1994). Similar results in another study revealed 
that growth of Bostrychia radicans decreased with an increase in salinity (Karsten and Kirst, 
1989). The other red algae, Polysiphonia subtilissima demonstrated maximum 
photosynthetic rates at 25 ppt (Yarish et al., 1979). 
As well as altering the salinity of estuaries, freshwater inputs from rivers deliver nutrients like 
nitrogen and phosphorus (McAvoy and Klug, 2005). In the Modego Estuary the amount of 
Enteromorpha growing in the system was dependant on the freshwater inflow, controlled by 
precipitation and river management practices. The quantity of freshwater let in by sluice 
gates upstream determines other abiotic factors in the estuary such as salinity, nutrients 
(nitrogen and phosphorus), water-flow velocity and light availability (due to the re-suspension 
of sediments) (Martins et al., 2001). Macroalgae show broad tolerance ranges to nutrient 
inputs, however they respond rapidly to increases in nutrient concentrations (Table 4). 
Growth and photosynthetic rates of Chaetomorpha linum were limited by nitrogen and 
phosphorus and an increase in nitrate (from 6 to 100µM) by a single fertilisation event which 
had a greater effect on growth of the species than ammonium (Menendez, 2006). Maximum 
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growth rates were recorded in the laboratory for various species including Chaetomorpha 
linum, Cladophora dalmatica and Enteromorpha rigida, from 10 to 100 mmol m-3 PO4, 100 to
1000 mmol m-3 NO3 and 60 to 100 mmol m
-3 NH4 (Taylor et al., 2005a). Nutrient uptake and
storage by Enteromorpha rigida were highest when nutrient levels in the water were high, a 
strategy by the species to save energy for growth at a later stage (Fong et al., 2004). Xu and 
Lin (2008) showed that Chaetomorpha linum, an opportunistic, widely distributed 
macroalgae due to its tolerance of broad ranges in temperature, salinity and light intensity 
may serve as a sink for harmful inorganic nutrients (N and P) in aquariums in the near future. 
2.2.2. Submerged macrophytes 
Submerged macrophytes are classified as plants rooted in substrata whose leaves and 
stems are completely submersed (Adams et al., 1999). A loss in substratum, refuge, 
productivity and the associated biota would result if there was a loss of submerged 
vegetation (Tyler-Walters, 2001a). Two types of growth forms for submerged macrophytes 
exist: meadows and canopies. Meadows are characterized by basal meristems and biomass 
is distributed equally over depth. Examples include Zostera and Ruppia. Canopies however 
have apical meristems and their biomass is concentrated towards the canopy or surface 
(Stuckenia) and the two forms have significantly different effects on water flow and 
sediments (Madsen et al., 2001).  
A number of factors are responsible for the growth and distribution of submerged 
macrophytes. The eelgrass, Zostera capensis, was distributed between large salinity and 
temperature ranges in the Kromme Estuary. Episodic floods and depositions of silt resulted 
in decreases in their biomass (Hanekom and Baird, 1988). The distribution of Ruppia 
cirrhosa in a Mediterranean lagoon was controlled by light availability and wave exposure, 
and the largest abundances of the species were found in gently sloping, shallow waters that 
were sheltered from the wind. A negative correlation between water level and cover was also 
recorded (Obrador and Pretus, 2010). In Spain, rice cultivation has altered the salinity 
content in three coastal lagoons, affecting the macrophytic composition. Ruppia cirrhosa was 
found to be dominant in the more saline lagoons (salinity ranged from 12 to 28 ppt) while 
Stuckenia pectinata occurred in less saline waters (salinity between 3 and 12 ppt) (Prado et 
al., 2013).   
Zostera capensis is said to be found in more saline estuaries of South Africa, usually 
estuaries with open mouths that display marine characteristics (Adams and Bate, 1994b), 
while Ruppia cirrhosa and Stuckenia pectinata are found in less saline estuaries (Adams et 
al., 1999). The three submerged macrophyte species occur in different regions of St. Lucia 
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Estuary and Lake due to their salinity tolerances. The closed mouth and drought conditions 
at St. Lucia in 2002 caused low salinity conditions in the Narrows, which favoured the growth 
of Stuckenia beds (formed doughnut rings). The same results were obtained by Gordon et 
al. in 2008, when salinity in the Narrows was approximately 10 ppt. The abundance of 
Zostera decreased in the Narrows at the same time and has not been observed in the 
estuary since 2005 (Adams et al., 2013) due to fluctuating environmental conditions and 
slow growth rate. Very low flow velocities and wave action are preferable conditions for the 
growth of Ruppia, hence this species was often found in the lake in the past (South Lake, as 
salinity was greater than 10 ppt) as an open mouth condition proved too turbid for 
establishment in the Narrows (Gordon et al., 2008; Adams et al., 2013). 
The ideal salinity range for the submerged macrophyte Zostera capensis is 10 to 46 ppt and 
0 to 55 ppt for Ruppia cirrhosa (Adams and Bate, 1994a; b). Stuckenia pectinata grows best 
in salinities of less than 20 ppt (Gordon et al., 2008). Ruppia seeds require a short period of 
low salinity to germinate, therefore seasonal variation in salinity is necessary for the growth 
of the species (Boardman, 2003). Stuckenia species are known to replace Ruppia in low 
salinity habitats if turbidity is high (Tyler-Walters, 2001) and vice versa in salinities greater 
than 16 ppt (Kantrud, 1990) (Table 6). 
Macroalgae and submerged macrophytes are both influenced by the depth of water. Unlike 
macroalgae which occurs in the deep water column as free-floating, submerged 
macrophytes prefer depths greater than 0.5m (Adams and Riddin, 2005) and are usually 
distributed between 1 and 3 m in depth, depending on the availability of light (Adams et al., 
2009) (Table 8). Zhu et al. (2012) showed that five submerged macrophyte species 
(Myriophyllum spicatum, Hydrilla verticillata, Potamogeton malaianus, Ceratophyllum 
demersum and Potamogeton maackianus) were significantly affected by an increase in 
water level, made clear by the large reductions in biomass and reduced growth rates. 
Depths greater than 2.5 m were recorded as stressful to the species and changes in the 
quality and quantity of light were highlighted as major causes. The canopy-forming species 
had higher mechanical resistances when compared to the other species. These species 
should then be able to adapt to deeper water and flooding situations more easily, as they 
produce longer and stronger shoots, more tensile stems and better root anchorage systems 
(Zhu et al., 2012). These results are in accordance with previous studies that show canopy 
formers like Stuckenia pectinata are able to grow in deeper waters (Howard-Williams, 1980). 
In 1979 Verhoeven stated that the Ruppia spp. was intolerant to drought and only seeds will 
survive desiccation. However, water is needed before germination can take place (Kantrud, 
1991). These species are therefore sensitive to desiccation and exposure longer than three 
months (Adams and Bate, 1996) will result in loss of the species (Tyler-Walters, 2001).  
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Stuckenia similarly can only survive in habitats that are permanently submerged or 
immersed between 1 and 3 months at a time and optimal growth was recorded between 
depths of 7 cm and 6 m (Tyler-Walters, 2002). 
Water movement has been recognized as one of the controlling factors of submerged 
macrophytes in terms of growth and distribution (Chambers et al., 1991) (Table 9). High 
water clarity, low sedimentation rates, low water velocity are optimum growing conditions for 
submerged macrophytes, hence they scarcely occur in estuaries along the coast of 
KwaZulu-Natal (Adams and Riddin, 2005). Photosynthetic rates have been positively 
correlated with current speeds between 0 and 0.2 m. s-1 (Madsen and Sondergaard, 1983) 
and cover increases with velocities of less than 0.3 m. s-1 (Nilsson, 1987). If current speeds 
are too low, the deposition of fine sediments and de-oxygenation of the water column would 
be encouraged, reducing the productivity of the species (Tyler-Walters, 2001). However, if 
the current velocity increases, submerged macrophytes are generally damaged (leaves and 
shoots) (Tyler-Walters, 2001) or removed if currents above 1 m. s-1 exist (Chambers et al., 
1991; Adams et al., 1999). The removal of substratum due to scouring could remove all 
Ruppia roots, rhizomes and any seeds in the seed bank and recovery of the species may 
take several years (Tyler-Walters, 2001). The presence of flooded intertidal macrophytes 
has been shown to encourage submerged macrophyte growth as the movement of water is 
decreased and water clarity is improved (Riddin, 2011) sheltered waters like lagoons and 
bays are also preferable habitats for Ruppia species (Verhoeven, 1979; Kantrud, 1991).  
Current velocity also has an effect on suspended sediments and turbidity of the water. 
Suspended sediments have two major effects in aquatic systems 1) direct effects on biota, 
and 2) direct effects on the physical environment, which will affect biota. The suspended 
solids in the water column have a negative effect on submerged macrophytes by shading 
(Jha, 2003). A complex relationship exists between submerged macrophytes and the water 
of an aquatic system. The properties of the water body have an effect on the vegetation and 
similarly, the macrophytes also modify their environment (Madsen et al., 2001). It has been 
shown that light is limiting to submerged macrophyte growth and turbidity is a significant 
factor that limits light availability. Re-suspension of sediment is caused by an increase in 
current velocity, which reduces the amount of light available for growth (Madsen et al., 2001) 
and prevents gas exchange (Burkholder et al., 2007). Macrophytes can however also 
decrease the current velocity and therefore turbidity, via sedimentation (Madsen et al., 
2001). 
In a similar, shallow lake system in the Netherlands (Veluwemeer) changes in the light 
climate underwater have been shown to induce changes in the dominant submerged 
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macrophytes as species respond differently to light availability. This has been attributed to 
their photosynthetic efficiencies and growth forms (canopy forming species out-compete 
pillar or bottom-covering forms for light) (Van den Berg et al., 1998). 
Silt carried in by river flow, phytoplankton blooms and the re-suspension of sediment all 
cause an increase in turbidity (Boardman, 2003). Ruppia growth has been recorded in turbid 
waters between 17.5 and 42.5 ppm suspended solids (Kantrud, 1991) and any increase in 
turbidity will have a significant negative effect on growth (Tyler-Walters, 2001). Reductions in 
Ruppia biomass are expected when high turbidity conditions exist over long periods, 
however if plant matter remains, regrowth of the species can take place once favourable 
conditions return (Boardman, 2003). A decrease in the suspended sediment concentration 
will increase water clarity and therefore growth of the submerged macrophyte (Tyler-Walters, 
2001). 
Stuckenia pectinata was studied in a hypertrophic lake in the Netherlands by Van den Berg 
et al. (1999) and results indicated that the species colonized deeper sites in turbid water. 
The plant is known for its canopy forming structure and high tolerance of turbid waters; it can 
therefore survive in hypertrophic waters where other species cannot. The species is also 
more tolerant of moderate to fast currents when compared to the other two (Tyler-Walters, 
2002). 
Wave action during storm episodes cause uprooting of submerged macrophytes (Boardman, 
2003). An increase in wave action has reportedly had harmful effects on stems and leaves of 
Ruppia (Kantrud, 1991) and the species detaches the base of its leaves in an effort to 
protect the root system. Little is known on the maximum wave exposure tolerated by 
submerged macrophytes (Madsen et al., 2001). 
Nutrient sources for uptake by submerged macrophytes are possible by both sedimentary 
and aqueous solutions (Nichols, 1991). The two most important nutrients for the 
maintenance of growth of Ruppia are nitrogen and phosphorous (Table 10). The majority of 
nutrients are taken up in the water column by its leaves and stored for growth under 
favourable light conditions (Boardman, 2003). Ruppia has been shown to benefit from low 
nutrient inputs (10 µM nitrate per day) (Burkholder et al., 1994). Nutrient enrichment may 
however stimulate epiphyte growth and phytoplankton blooms that will shade out light, 
increase turbidity and compete for nutrients, which will have negative effects on the 
productivity of the submerged macrophytes. Stuckenia pectinata grows in polluted, low 
oxygen waters with high nitrogen and phosphorus concentrations (Tyler-Walters, 2002). 
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Results from a study conducted on a tropical lagoon with an ephemeral inlet in Mexico (El 
Verde) indicated that the net aquatic primary productivity levels of seagrasses are higher 
than those with permanently open inlets. This was attributed to the nutrient and plankton 
stock retention in the dry season. Water column metabolism was highest in the wet season 
and this was related to the increase in rainfall and river flow (Flores-Verdugo et al., 1988). 
Optimal temperatures are fundamental for the reproduction of Ruppia species as 
germination takes place at temperatures between 10 and 15 oC, flowering from 15 to 19 oC 
and reproduction at temperatures greater than 30 oC. Growth occurs between 10 and 30 oC 
(Verhoeven, 1979) and although the species may be adapted to fluctuating temperatures, 
when temperatures exceed 30 oC the species may be replaced by Stuckenia (Kantrud, 
1991). 
2.2.3. Reeds and sedges 
Reeds and sedges serve as important habitats for bird, invertebrates and fish species 
(Adams and Riddin, 2005). These plants are rooted in submerged substrata and their 
photosynthetic parts are submersed, partially or periodically. They occur in both the intertidal 
and subtidal zones, often lining the banks of estuaries and their distribution is dependent on 
a number of factors such as water depth, salinity, light availability, sediment type and 
nutrients (Adams et al., 1999; Adams and Riddin, 2005). Juncus kraussii, a salt marsh rush, 
is commonly found along the coast of KwaZulu-Natal and is under threat due to harvesting, 
for personal use as a weaving material and other commercially sold products, by rural 
communities (Naidoo and Kift, 2006).  
Juncus kraussii is found in all biogeographical zones of South Africa and dominates in 
estuaries under closed mouth conditions and/or high freshwater inflows and sites of 
freshwater seepage (Adams et al., 1999). The maximum salinity concentration that reeds 
and sedges can tolerate is 25 ppt. Phragmites australis is the dominant reed and grows 
optimally between 0-15 ppt (Table 11) (Adams and Bate, 1999) and is often found at 
freshwater seepage sites (Adams, 1994; Nondoda, 2012). An increase in salinity significantly 
decreases shoot height and overall plant growth (Adams and Bate, 1999). A study by Naidoo 
and Kift (2006) found that Juncus kraussii can tolerate salinities of up to 70% seawater (24.5 
ppt) under both flooded and drained treatments. Maximum growth was observed at salinities 
less than 3.5 ppt, under flooded conditions. 
Waterlogged conditions are necessary for growth of the emergent macrophytes, reeds and 
sedges, and death is predicted after one month if they do not persist, however death is also 
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inevitable if plants are completely covered for a month or more (Adams, 1994) (Table 12). 
Wave action also has an effect on growth and distribution of reeds and sedges. Their 
adaptations to withstand wave action include flexibility (for bending), nodes which add 
stabilisation, strength of the plant and the formation of dense stands (Adams and Riddin, 
2005). Light affects the growth of reeds and sedges and many studies have shown that 
shading, by submerged macrophytes or swamp forest in KwaZulu-Natal, negatively affects 
the growth of these emergent macrophytes (Boshoff, 1983; Riddin, 1999). 
 
In 2008 inundated Phragmites covered the most area (117.5 ha) in the Narrows compared to 
previous years (6.6 ha in 1960 and 27.6 ha 2001) (Nondoda, 2012). In 2012 an expansion in 
emergent reed and submerged macrophyte beds (Stuckenia pectinata) at the Bridge at 
Siyabonga (Figure 6) was observed due to lower salinities in the Narrows. It was predicted 
that if the mouth had to open and the concentration of seawater increased, these two 
vegetation types would die back (Taylor, 2013).  
 
 
 
Figure 6: Reeds and submerged macrophytes expanded in 2012 in the Narrows due to a 
decrease in salinity (Source: Taylor, 2013). 
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2.2.4. Mangroves 
Globally, the largest areas covered by mangrove forests are in Asia (42%) and Africa (20%), 
respectively (Giri et al., 2011). Many studies have tried to quantify the total area covered by 
mangroves, these include 14 650 000 ha by the Food and Agricultural Organisation (FAO) of 
the United Nations (Wilkie and Fortuna, 2003) and 13 776 000 ha by Giri et al. (2011) in the 
year 2000 and 15 000 000 by Spalding et al. (1997). Mangrove distribution is confined to 
sheltered coasts of the tropical and subtropical regions (with some exceptions) (Wilkie and 
Fortuna, 2003; Giri et al., 2011). The geographic distribution of mangroves is generally 
restricted to latitudes between 30ºN and 30ºS (with a few exceptions, including 33ºS in 
South Africa). Ocean currents, rainfall and temperature are all contributing factors. 
Temperature varies within small (mangrove forests) and large scales (geographically) and 
cold temperatures are usually limiting. Hence there are such a fewer numbers of species 
with increasing latitude as they are not cold specialists, but are able to tolerate a wide range 
of temperatures (Spalding et al., 1997; Krauss et al., 2008; Morrisey et al., 2010). In South 
Africa mangroves occur along the eastern coastline from Kosi Bay to the Nahoon River as 
trees or shrubs (Steinke, 1995).  
Mangroves provide a number of invaluable social, economic and environmental functions 
such as the provision of protective habitats for a variety of organisms or other habitats (coral 
reefs and seagrass beds) and a source of wood and non-wood products used by man 
(Wilkie and Fortuna, 2003) as well as food sources, water purifiers, carbon sequesters and 
sites of recreation, tourism and research (Barbier et al., 2011).  Although these species 
provide a variety of functions and each hectare is valued between 200 000 – 900 000 USD 
(approximately R1.9mil to R8.9mil) (Spalding et al., 1997; UNEP-WCMC, 2006), the rate of 
deforestation is increasing, as the loss was estimated at 1 – 2% per annum in 2007 (FAO, 
2007). Only 7% of the total mangrove area is protected by legislation (IUCN protected areas) 
(Giri et al., 2011). The mangroves of South Africa are protected by the National Forest Act 
(84 of 1998) and the Marine Living Resources Act (18 of 1998).    
St. Lucia has three of the seven species of mangroves that populate the coast of South 
Africa in the subtropical regions (Steinke, 1999): Avicennia marina, Bruguiera gymnorrhiza 
and Acrostichum aureum (a mangrove associate: as it lacks true mangrove features such as 
pneumatophores and vivipary) (Smith et al., 1989; Taylor, 2006). Tides, freshwater inputs 
and distance from the coast all cause variations in salinity, one of the most important factors 
that determines growth and distribution of mangroves (Srivastava et al., 2012). Therefore the 
mangroves that occur in the intertidal zone of the Narrows were chosen as a focus in this 
study, as they respond rapidly to both salinity and water level changes, which in turn occur 
as a response to mouth condition. The health of the mangroves at St. Lucia was studied by 
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Hoppe-Speer in 2012: she showed that they had survived under closed mouth and low 
water level conditions during the drought period.  
The presence or absence of a particular species is indicative of the environmental conditions 
(salinity or inundation period) that occur there. In India, mangrove forest composition is 
determined by the tolerance of species to salinity and soil conditions, therefore dominant 
species occur at specific sites (Srivastava et al., 2012). The range of salinities that a 
mangrove plant is able to survive is dependent upon the species and the fact that growth is 
influenced by the absence of salinity makes mangroves obligate halophytes (Suarez and 
Medina, 2005).  
Avicennia marina is the most common species that grows along the coast, and is also known 
as the white or grey mangrove (Steinke, 1999). Due to their position in the intertidal zone, 
mangroves must be able to withstand the anoxic substrate that is present (Evans et al., 
2009). A. marina is well adapted to growing under tidal flooding conditions (He et al., 2007) 
as it has developed pneumatophores. These are pencil-like roots with corky textures and 
grow vertically upwards from the cable roots. Lenticels (found on the surface of the 
pneumatophores) and aerenchyma (in the form of aerenchymatous cortex) allow for the 
exchange, transport and storage of oxygen in the roots under submerged conditions 
(Tomlinson, 1994; Steinke, 1999; Purnobasuki and Suzuki, 2005). Mangroves occur in areas 
in the intertidal zone where salinity fluctuates and sediment is composed mainly of silt and 
clay (Adams and Riddin, 2005). Due to its wide environmental tolerance ranges (occurs from 
lower to upper reaches of an estuary and low to high intertidal position), Avicennia is a 
pioneer species that is found in monospecific stands on open spaces with high light (Steinke, 
1999). Its buoyant propagules aid dispersal (Steinke, 1999).  
Mangroves are able to tolerate a wide range in salinity and depending on their strategy for 
salt management they are divided into secretors and non-secretors. The former possess 
morphological adaptations such as salt hairs or salt glands used to excrete excess salt, 
while the latter do not (Parida et al., 2004). Other methods such as ultrafiltration, leaf 
succulence or leaf desiccation may be employed (Steinke, 1999; Parida et al., 2004). A. 
marina can tolerate salinity between 5 and 35 ppt (Downton, 1982; Ball and Farquhar, 1984; 
Burchett et al., 1984; Clough, 1984; Naidoo, 1987). Salt accumulation stunts the growth of 
Avicennia marina, and occurs if adequate drainage does not take place and evaporation 
dries the area up (a closed mouth state may cause this condition) (Taylor, 2006). Breen and 
Hill (1969) found that after 5 months of inundation due to mouth closure of the Kosi Bay 
Estuary, the species Ceriops tagal, Rhizophora mucronata and Avicennia marina died (Table 
14). 
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Bruguiera gymnorrhiza or the black mangrove is also a common species in South Africa. 
Tree heights have been recorded at 30 to 35 m; however average height is approximately 7 
– 20 m (Duke and Allen, 2006). Bruguiera is not a pioneer species like Avicennia and prefers 
habitats that are on higher ground, where inundation only occurs during spring tides (middle 
and upper intertidal zones) (Steinke, 1999; Duke and Allen, 2006), however it has been 
found to survive better than Avicennia marina under periodic mouth closure conditions 
(Steinke, 1999). Its cable roots wind in and out of the soil, forming knee roots, also an 
adaptation aiding gaseous exchange. B. gymnorrhiza prefers a salinity concentration of 10 
ppt for optimum growth and reproduction (Adams and Riddin, 2005) (Table 13).  
Mangroves are able to grow in waterlogged soils that other terrestrial trees cannot tolerate. 
They can survive in low oxygen sediment conditions with varying water tables and low redox 
potentials caused by tidal inundation (Pezeshki et al., 1997). Different species have different 
tolerance ranges under various inundation periods (Hoppe-Speer et al., 2011) and therefore, 
redox potentials of the soil (Pezeshki et al., 1997). Nutrient inputs also have a marked effect 
on growth and productivity of the mangroves (Adame et al., 2010) and phosphorus and 
nitrogen are the most important (Pezeshki et al., 1997). Mangrove soils are usually very low 
in nutrients (Reef et al., 2010), but increase proportionally with rainfall (Adame et al., 2010).  
Fauna play an important ecological role within the mangrove community. Crabs produce 
organic matter through recycling processes; and bioturbation activities (which cause 
changes in aeration and texture) in the soil affect the growth of the mangroves (Lee, 1998; 
Ferreira et al., 2007). Mangrove composition structures are also altered due to propagule 
consumption by crabs (Smith, 1988). In Kenya, propagule predation by graspid crabs and 
snails pose a threat to the regeneration of the mangroves (Dahdouh-Guebas et al., 1998). 
Microorganisms are equally important and higher temperatures are preferred for 
decomposition of mangrove leaves, as in summer months decomposing organisms are more 
active (therefore breakdown at lower temperatures is slower) (Steinke and Charles, 1985). 
Datta et al. (2012) believes that the conservation of mangroves and their sustainable 
management will become a major concern in the near future, mainly due to climate change 
and the negative effects sea level rise will have on coastal communities. However, many 
authors cite human induced impacts as the most destructive as mangroves have been found 
to be resilient against natural disturbances and soil accretion rates are keeping pace with 
mean sea level rise (Alongi, 2008). Worldwide, there has been an increased loss in 
mangrove habitat over the last three decades mainly due to increased anthropogenic 
impacts (Giri et al., 2011). The main impacts include clearing for coastal developments and 
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aquaculture and harvesting for timber and fuel production (sustainable and commercial 
harvesting) (Polidoro et al., 2010). 
In a study on mangrove distribution and status, Rajkaran (2011) showed that mangroves 
were completely lost from 13 estuaries along the KwaZula-Natal Coast, between 1982 and 
2006. The major causes of loss of South African mangroves were attributed to altered water 
flow patterns in conjunction with changes in salinity, variations in the intertidal habitat due to 
changes in mouth conditions (long periods of closure) and wood harvesting activities 
(Rajkaran, 2011). Mangroves are now classified as the most threatened ecosystems and 
predictions that they will be completely lost in the next 100 years have been made (Polidoro 
et al., 2010).   
2.2.5. Grass and shrubs 
Grass species, Paspalum vaginatum, Sporobolus virginicus and Stenotaphrum secundatum 
populate substratum that is more stable and conditions less extreme compared to that of the 
succulent salt marsh (Taylor, 2006). In the St. Lucia system, Sporobulus virginicus is more 
tolerant of higher salinity for longer periods than Paspalum vaginatum (Adams and Riddin, 
2005). 
The effects of inundation and salinity on Sporobolus virginicus were studied at False Bay 
(Breen et al., 1977). The distribution and growth of species was influenced by wave action, 
water level and salinity (Rogers, 1974; Breen et al., 1977). S. virginicus can survive in high 
salinities as it excretes salts from its leaves, it is therefore found growing on the lower lying 
areas of the shore where fluctuating salinities are common. Seed germination is reduced at 
salinities of 15 ppt and inhibited completely at 20 ppt or more (Table 15), but when 
favourable conditions return germination takes place. The older the plant, the more tolerant it 
is to increasing salinity conditions and inundation as the older, taller plants can tolerate 
higher levels of inundation (Breen et al., 1977).    
The vegetation surrounding the Management Jetty at Charter‟s Creek was inundated with 
water following the end of the drought in 2012 (Figure 7). This attracted algae and diatoms 
and produced a rich nursery site for fish and crustaceans (Taylor, 2013). 
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Figure 7: The water level rise in 2012 caused inundation of the saline grass lawns at the jetty 
at Charter‟s Creek (Source: Taylor, 2013) 
In 2004, Old Jetty was completely exposed and saline grasses were evident on the dry lake 
bed. In 2013, the jetty was inundated, as was the vegetation surrounding it. 
Figure 8: There was a significant increase in water level in 2013, which caused inundation of 
vegetation (Source: Taylor, 2013 and personal picture). 
2.2.6. Salt marsh 
The salt marsh habitat provides numerous ecosystem services such as filtering and 
detoxification,  nursery function for fisheries, protection from floods and sea storms, carbon 
sequestration and serves as a source of raw materials and food for humans, recreation, and 
tourism (Barbier et al., 2011; Van Niekerk & Turpie, 2012). 
The two most important influencing abiotic factors that determine distribution of salt marsh 
are inundation and salinity (Adams et al., 1999). As the soils of salt marshes are periodically 
inundated with seawater, causing waterlogging and changes in salinities, a physically 
stressful environment is created for the angiosperms which grow there (Pennings et al., 
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2005). Salt marsh prefer saline conditions below 30 ppt (Turpie et al., 2009; Nondoda, 
2012), but studies have shown growth occurs in salinities ranging from 10-35 ppt (Chapman, 
1960) (Table 17). In supratidal salt marshes, sediment salinity is possibly controlled more by 
rainfall and evaporation than by tidal inundation (Adams et al. 1992). Succulence is an 
important adaptive strategy that is employed by the genus Sarcocornia, the plant increases 
its internal water content to withstand hypersaline conditions (Adams and Bate, 1994a).  
Die back of the salt marsh after three months of submergence is predicted and if the 
sediment dries out, the plants are only expected to survive for six months (Adams, 1994) 
(Table 18). Adams et al. (1999) observed that dieback of Sarcocornia natelensis was caused 
by the closure of the mouth of the Great Brak Estuary, which caused inundation for more 
than 2 months. Bornman et al. (2002) found that the distribution of Sarcocornia pillansii of 
the Olifants Estuary was influenced by the depth to groundwater, as elevation and distance 
from the estuary channel increased. The survival and growth of the species depended on its 
ability to utilize saline groundwater during the drier months. Reeds and sedges often 
takeover when tidal influence stops (with mouth close) as they are more tolerable of 
freshwater and longer inundation conditions (Adams and Riddin, 2005). 
In 2003, the highest salinities and lowest water levels were recorded for the lake, ever. 
Succulent salt marsh was commonly found growing on the exposed, saline sediment of 
False Bay (top images Figure 9). After the drought, the water levels increased, as did the 
adjacent grass and shrub habitats (bottom image Figure 9). 
Figure 9: Pictures taken at False Bay in October 2003 and May 2013 show a dramatic 
increase in water level after the drought (Sources: Taylor, 2013 and personal pictures). 
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2.2.7. Swamp forest 
The macrophyte habitat, swamp forest, grows optimally in freshwater conditions (Adams and 
Riddin, 2005), unlike the more saline mangrove habitats. Taylor et al. (2006) classified this 
habitat as a groundwater-dependent habitat. A characteristic feature of the swamp forest 
habitat is to have ferns as a groundcover, however in areas where there is poor drainage, 
stagnant water covers the forest floor (Begg, 1980).  Swamp forest is sensitive to flooding, 
standing water and anoxic conditions and cannot survive prolonged inundation (Adams et 
al., 2009).  
Swamp forest is cleared to make space for construction and development and the plants are 
used by the native people for many purposes, construction of ferries for river crossing at 
Kosi Bay is an example (Begg, 1980). Hence this habitat is classified as threatened, and is 
the second rarest forest type in the country found only in isolated forest patches (Grobler, 
2009). 
2.2.8. Floating macrophytes 
Floating angiosperms float on the water surface and are not rooted in the substrate.  These 
plants are restricted to the fresh and oligohaline (<5) areas of estuaries and to zones of quiet 
water (Adams et al. 1999).  An indigenous example at St Lucia is the water lily Nymphaea 
nouchali.  This plant occurs in the surrounding freshwater wetlands but could occur in the 
estuary if it remained fresh.  There are many exotic species that fall in this category and 
typically increase or appear in response to nutrient enrichment. These are Azolla 
filiculoides, Salvinia molesta and Eicchornia crassipes (water hyacinth) and Pistia 
stratiotes (water cabbage). Floating leaved species such as the water lily, 
Nymphaea, are commonly associated with submerged and deep water aquatics and occur 
at water depths from 0.5 to 2m (Adams et al., 2009). 
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The tables (Table 3- Table 19) are derived and adapted from many sources of literature and 
form a more detailed summary of the eco-physiological responses for individual species of 
the various macrophyte habitats. 
Table 3: Documented salinity ranges of macroalgae 
Species 
Optimum salinity 
(ppt) 
Notes Reference 
Bostrychia spp 5-30 Optimum at 25 ppt Yarish et al. (1979 and 1980) 
Chaetomorpha 
spp (linum) 
25 – 35  Xu and Lin (2008) 
Cladophora spp 
2-50  Gordon et al. (1980) 
Polysiphonia spp 25  Yarish et al. (1979) 
Ulva intestinalis 
0-51, although 0 can  
only be tolerated for 
 1 to 5 days 
 
Reed and Russell (1979), 
Pringle (1986), Kamer and 
Fong (2000), Martins et al. 
(2001) 
Ulva intestinalis 
17-22 
Salinities less than 3 ppt or      
greater than 28 ppt decrease    
growth 
Martins et al. (1999) 
Ulva rigida > 20 Blooms occur in summer months Biber and Irlandi (2006) 
 
 
Table 4: Documented nutrient ranges of macroalgae 
Species Optimum range Reference 
Ulva intestinalis 
Chaetomorpha spp 
Cladophora spp 
10 to 100 mmol m
-3
 PO4,  
100 to 1000 mmol m
-3
 NO3   
60 to 100 mmol m
-3
 NH4 
Taylor et al (2005) 
 
 
Table 5: Documented light ranges of macroalgae 
Species Optimum range Reference 
Chaetomorpha spp (linum) 60 to 120 µmol.m
-2
.s-
1
 Xu and Lin (2008) 
Cladophora spp 18 to 175 µmol m-2 s-1 Taylor et al (2005) 
Ulva intestinalis 18 to 175 µmol m-2 s-1 Taylor et al (2005) 
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Table 6: Documented salinity ranges of submerged macrophytes 
Species Optimum range Effects of salinity change Reference 
Ruppia cirrhosa 
0-30 ppt, but  
can withstand  
fluctuating levels up to
75 ppt 
Growth was reduced between 55-75 ppt, but 
some remained alive. Although plants grew  
vegetatively there was no seed germination;  
seed germination inhibited ≥ 35 ppt 
McMillan and Moseley  
(1967), Adams and Bate 
(1994b), Verhoeven and 
van Vierssen (1978) 
Ruppia cirrhosa 2 – 40 Verhoeven (1975) 
Ruppia cirrhosa 0 – 50 Ward (1976) 
Ruppia cirrhosa 0 – 55 
Adams and Bate 
(1994)a 
Ruppia cirrhosa 35 Optimal leaf length 
Adams and Bate 
(1994)b 
Stukenia 
pectinata 
2-15 ppt 
≥19 ppt for one year will cause die-back 
in St Lucia Estuary, South Africa 
Ward (1976), Orth et al. 
(1979),  
Verhoeven (1980) 
Stukenia 
pectinata 5 – 15 
Howard-Williams and 
Liptrot (1980) 
Stukenia 
pectinata 0 – 19 Ward (1976) 
Zostera 
capensis 
15-35 ppt 
0 ppt for 2 weeks results in stress; dies after 3 
months of 55 ppt; dies after 1month of  
75 ppt 
Iyer and Barnabas (1993), 
Adams and Bate (1994b,  
1996) 
Zostera 
capensis 
15 ppt Adams and Bate (1994b) 
Zostera 
capensis 
5 – 40 Day (1981) 
Zostera 
capensis 
0 – 45 Ward (1976) 
Zostera 
capensis 
10 – 46 
Adams and Bate 
(1994)a 
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Table 7: Documented light requirements of submerged macrophytes 
Species Light requirement Reference 
Ruppia spp. 17.5 to 42.5 ppm suspended sediments Kantrud (1991) 
Ruppia cirrhosa 500 µmol.m
-2
.s
-1
Warne (1994) 
Stukenia pectinata 5 to 15 % of surface intensity Howard-Williams and Liptrot 
(1980) 
Stukenia pectinata > 0.2 m secchi transparency Kantrud (1990) 
Zostera capensis 300 to 500 µmol.m
-2
.s
-1
Warne (1994) 
Zostera marina 
3 week experimental shading resulted in decline of 
carbohydrate concentration 
Burke et al. (1996) 
Table 8: Documented depth distributions of submerged macrophytes 
Species Depth (m) Water level change Reference 
Ruppia cirrhosa 
Exposure for 3 months results in 
die-back 
Adams and Bate (1996) 
Ruppia cirrhosa <1.5 Verhoeven (1979) 
Stuckenia pectinata 0.5 to 3.5 Weisser et al. (1987) 
Stuckenia pectinata 1 to 10 Howard-Williams (1980) 
Stuckenia pectinata 
0.3 to 
0.46 
>0.46 biomass decreases; 
>1 plant is absent 
Robel (1961,1962) 
Stuckenia pectinata 0.5 to 1.75 m Kantrud (1990) 
Table 9: Documented current velocity of submerged macrophytes 
Species 
Current 
velocity (m.s
-1
)
Current change effects Reference 
Stuckenia pectinata 0.1-0.5 
(<0.1 results in macrophyte establishment; 
> 0.5 results in mechanical damage; > 1 
results in the removal of the plants) 
Adams et al. (1998); 
Chambers et al. (1991) 
Zostera capensis 0.05 
Ziemen and Wetzel 
(1980) 
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Table 10: Documented nutrients of submerged macrophytes 
Species Nutrients (µmol) Nutrient change effects Reference 
Zostera capensis 
> 8 (nitrate) 
> 5 (N:P) 
Nutrient limitation occurs at < 8µmol of 
nitrate and at N:P of about 5 
Thom and Albright (1990) 
Table 11: Documented salinity ranges for various reeds and sedges 
Species 
Optimum 
range (ppt) 
Effects of salinity change Reference 
Juncus kraussii 0-20 Adams et al. (1999) 
Juncus kraussii 0 – 15 
Heinsohn and 
Cunningham 
 (1991) 
Juncus kraussii 0 – 20 Adams et al. (1999) 
Junkus kraussii 0 - 24.5 
> 10 ppt result in reductions of root and 
shoot biomass; Mature plants able to 
withstand > 40 ppt 
Naidoo and Kift (2006) 
Phragmites 
australis 
18-30 
> 15 ppt reduced growth; Inhibited      
growth with 20 ppt over 2 weeks; Die-   
back with 30 ppt  
inundation over 94 days 
Adams and Bate (1999), 
Benfield (1994), Lissner  
and Schierup (1997) 
Phragmites australis 0 – 25 Starfield et al. (1989) 
Schoenoplectus sp 
(triqueter) 
0 – 7 Deegan et al. (2005) 
Scirpus maritimus 18-30 
From one week 30% mortality and 
complete dieback after 4 months at 
18 ppt 
Hootmans and  
Wiegman (1998) 
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Table 12: Documented water levels for various reeds and sedges 
Species Optimum range Effect of water level change Reference 
Juncus kraussii 
Flood tolerant species – growth in   
both drained and flooded conditions 
Naidoo and Kift (2006) 
Phragmites australis 0-2 m 
4 m depth only possible over 1 to 
2 years 
Haslam (1971), Yamasaki and  
Tange (1981), Weisner (1991), 
Spence (1982) 
Phragmites australis 
Increase of 35 cm to depth of 
80 cm reduced growth; tolerates 80 
cm for two growing seasons 
Mall (1969), Coops et al. (1996) 
Schoenoplectusspp 
(triqueter) 
Tolerates prolonged inundation Deegan et al. (2005) 
Scirpus littoralis 0-2 m Howard-Williams (1980) 
Scirpus littoralis 0-1.5 m Weisser et al. (1987) 
Scirpus marimus 0-0.2 m 
Increase of 44 cm to 80 cm depth 
reduced growth 
Lieffers and Shay (1981), 
Coops et al. (1996) 
Table 13: Documented salinity ranges for various mangrove species 
Species Optimum range Effects of salinity change Reference 
Avicennia  
marina
5-35 ppt 
0 ppt for 6 months results in reduced growth; 
> 20 ppt delayed germination and reduced growth; 
> 35 ppt caused stunting 
Downton (1982), Ball and 
Farquhar (1984), Burchett 
et al. (1984), Clough (1984), 
Naidoo (1987) 
Bruguiera 
gymnorrhiza 
≥ 10 ppt 
> 35 ppt seed growth and germination 
and/or senescence reduced
Ward (1976), Steinke and 
Charles (1986), Naidoo    
(1990) 
Rhizophora 
mucronata 
8 ppt 
Optimal salinity for growth (8 ppt); 0 ppt  showed 
highest photosynthetic performance     and 
stomatal conductance; >35 ppt biomass 
decreased 
Hoppe-Speer (2010) 
Rhizophora 
mucronata 
17.5 Reduced growth at salinity > 17.6 ppt Khan & Aziz (2001) 
Table 14: Documented water levels for various mangrove species 
Species Optimum range Influence of water level change Reference 
Avicennia marina Die-back from 50 cm increase for 154 days Breen and Hill (1969) 
Bruguiera gymnorrhiza 0-75 cm Ward (1976) 
Rhizophora mucronata 
24 hour inundation treatment had best 
growth 
Hoppe-Speer (2010) 
Rhizophora mucronata 
Die-back from 50 cm increase for 154 days Breen and Hill (1969) 
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Table 15: Documented salinity tolerances for grass and shrub species 
Species Optimum range (ppt) Reference 
Seedlings can survive 80 ppt for 8 months Gallagher (1979) 
Sporobulus virginicus Growth reduced at >15; inhibited at >20 Breen et al., (1977) 
Sporobulus virginicus 
1-13 (Growth observed at 28-34 ppt in the 
field) 
Breen et al., 1977; Marcum and 
Murdoch, 1992; Naidoo and     
Naidoo, 1992; 1998; Muir, 2000 
Table 16: Documented inundation tolerances for grass and shrub species 
Species 
Influence of water level change 
Reference 
Cynodon dactylon Tolerates 28 days flooding Furness and Breen (1985) 
Sporobolus virginicus Tolerates 42 days flooding Naidoo and Mundree (1993) 
Sporobolus virginicus 
seedlings ≥ 3 months 
Growth improved by inundation of 3 cm for 
38 days 
Breen et al. (1977) 
Sporobolus virginicus seedlings <
3 months 
Growth inhibited by inundation of 3 cm for  
38 days 
Breen et al. (1977) 
Table 17: Documented salinity ranges of salt marsh species 
Species 
Optimum 
range (ppt) 
Effects of salinity change Reference 
Atriplex portulacoides <49 
Redondo-Gómez et al. 
(2007) 
Sacocornia natalensis 0 – 18 
Naidoo and Rughunanan 
(1990) 
Salicornia virginica 0 – 45 Pearcy and Ustin (1984) 
Salt marsh 10-35 Day, 1981 
Sarcocornia fruticosa 0 – 30 
Redondo-Gómez et al. 
(2006) 
Sarcocornia natalensis Fluctuating conditions of 15 to 140 ppt O‟Callaghan (1992) 
Sarcocornia perennis 0-15 ≥ 35 ppt results in reduced growth Adams and Bate (1994c) 
Sarcocornia perennis 12 - 42 Adams and Bate (1994)b 
Sarcocornia pillansii 0-35 > 75 ppt no significant growth Bornman et al. (2002) 
Sarcocornia pillansii 0 - 35 Bornman et al. (2002) 
Sarcocornia tegetaria 0 - 15 Adams and Bate 1994a 
Spartina alterniflora 0-20 Die-back ≥ 45 ppt Adams and Bate (1995) 
Spartina maritima 0-35 Reduced growth at ≥ 35 ppt for 3 weeks Adams and Bate (1995) 
Triglochin bulbosa 6-12 
15 ppt delays germination; > 23 ppt 
for 9 weeks reduced growth 
Naidoo and Naicker (1992), 
Naidoo (1994) 
Triglochin striata 6-12 6 ppt reduces seed germination Naidoo and Naicker (1992),  
Sporobulus virginicus 
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Table 18: Documented influence of water level changes on salt marsh vegetation 
Species 
Influence of water level change 
Reference 
Sarcocornia natalensis 
Endures submergence for ≤ 3 months without 
negative effects 
Tölken (1967) 
Sarcocornia perennis 
≥ 35 ppt and complete submergence over 
2 weeks reduced growth 
Adams and Bate (1994c) 
Sarcocornia perennis 
Inundation with 5 cm water increased/ 
stimulated growth 
Jackson and Drew (1984) 
Spartina maritima 
Survives long periods of inundation, 
therefore occupies the lower intertidal  
regions of salt marsh. Tidal flooding   
necessary for growth 
Adams and Bate (1994; 1995) 
Table 19: Documented salinity ranges for swamp forest species 
Species Optimum Range Effects of Salinity (ppt) Change Reference 
Barringtonia 
racemosa 
0 to 3.5 ppt 
Reduced growth at 8.7 ppt for 53 days 
Inhibition at ≥ 17.5 ppt for 53 days 
Msibi (1991) 
Barringtonia 
racemosa 
Die-back ≥ 22 ppt over 6 hrs (high tide) Cyrus et al. (1997) 
Hibiscus tiliaceus Die-back ≥ 22 ppt over 6 hrs (high tide) Cyrus et al. (1997) 
Life-history strategies determine a species‟ recovery time after a disturbance. This was 
shown by Barrat-Segretain and Amoros (1995) where the influence of a summer flood 
disturbance on aquatic macrophytes in a former river channel was stronger than that of a 
winter influence. This was due to the fact that the vegetation was developed at maximum in 
summer compared to winter as the plants lose their vegetative parts. Recovery in the form of 
rate of recolonization of the vegetation was recorded as three months after summer 
disturbance. It is noted that life-history traits are considered important in post-disturbance 
recovery events, as frequently disturbed sites have species adapted to the conditions and 
recovery is faster than in sites disturbed less frequently. Vegetative production and many 
means of dispersal of aquatic plants are life-history traits that make these faster recolonisers 
when compared to terrestrial plants. The most important factor therefore in understanding 
plant responses to disturbances is their life-history traits (Barrat-Segretain and Amoros, 
1995). Some of the strategies employed by the different habitats of St. Lucia were 
investigated as knowledge on recovery after a disturbance is just as important as 
determining a habitat‟s initial response to environmental factors.     
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The propagule bank was shown to be very important for ensuring the recolonisation of 
submerged macrophytes (Ozimek, 2006). Improved light conditions at Lake Mikolajskie, a 
eutrophic lake in North Poland, were important in re-establishing submerged macrophytes 
from a propagule bank (cores of sediment consisting of seeds and oospores were incubated) 
as light stimulated their germination (Ozimek, 2006).  
Riddin (2011) measured the rate of expansion of various macrophytes of the East 
Kleinemonde Estuary and showed that submerged macrophytes had a cover expansion rate 
of 7% per month, with a maximum expansion rate of 23%. The time for recovery was 
estimated to be between four and five months under stable water level conditions. The 
submerged macrophyte, Ruppia cirrhosa, was shown to complete its life-cycle in five months 
(Adams and Bate, 1994) and low temperatures and water depths had the biggest influence 
on growth (Vromans et al, 2013). The reeds and sedges, mangroves and salt marsh (both 
intertidal and supratidal) had recovery times estimated between 3 and 5 months (Table 20). 
Table 20: Documented recovery rates per habitat 
Habitat Recovery Reference 
Macroalgae 100% recovery after 1.5 months Riddin (2011) 
Submerged macrophytes 100% recovery after 4 months Riddin (2011) 
Reeds and sedges 100% recovery after 4 months Riddin (2011) 
Mangroves 25% recovery after 5 months Riddin (2011) 
Intertidal salt marsh 100% recovery after 4 months Riddin (2011) 
Supratidal salt marsh 100% recovery after 3 months Riddin (2011) 
2.3. PREDICTING RESPONSES 
With the evolution of statistics, GIS programmes and other tools there has been an increase 
in predictive habitat modelling in ecology, which can now serve an array of disciplines such 
as biogeography, conservation, management of habitats or species and climate change 
research (Guisan and Zimmerman, 2000). Although models are essential for making 
predictions, their success is limited to the extent to which ecologists communicate their 
results to policy makers (Sutherland and Freckleton, 2012). Popular ecological modelling 
approaches are spatial models, process-based ecosystem models, experience and 
evidence-based models.  
Spatial distribution modelling using topographic maps and those of environmental variables 
such as geology, soils and climate in GIS programmes make predicting geographic 
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vegetation distribution across a landscape possible (Franklin, 1995). Spatial distribution 
modelling is growing in use and relevancy due to climate change, as knowledge of species 
distribution is important for future conservation (Austin, 2007). Process-based modelling is 
used to handle data of interactions of ecosystems or ecological processes in a structured 
manner that results in quantitative predictions (Cuddington et al., 2013). Examples of 
process-based modelling are identifying the relationship between trophic structures or 
uptake of nutrients and metals in aquatic systems or predicting the effects of global climate 
change (Hakanson, 2004; Cuddington et al., 2013).  New possibilities for theoretical ecology 
have been opened for ecosystem management as the path between cause and effect is 
quantified. Quantitative models are used to guide management measures in ecosystems 
that are variable. They are the only rational way to handle data in a structured way that 
enables predictions (Hakanson, 2004). Evidence-based models are growing in popularity 
and a move away from experience-based models in environmental management is being 
made. This will lead to more uniform, transparent decisions (Webb et al., 2011). 
Management decisions are often made using a variety of conflicting sources and may lead to 
damaging consequences. An informed decision can be made by using a host of information 
that is both transparent and defensible (Nichols et al., 2011). This type of environmental 
management relies on the identification of causal relationships between environmental 
stressors and ecological responses (Norris et al., 2012). The “causal criteria”, developed in 
the 1960‟s by epidemiologists, uses many pieces of information that are weak individually, 
but together form a strong base of evidence. Causal interactions are difficult to predict in the 
natural environment, therefore expert opinion has previously been used (however this 
method lacks transparency) (Webb et al., 2011). Popular modelling methods used by 
researchers internationally and in South Africa, are discussed below. These include remote 
sensing, the Eco Evidence modelling approach, Ecological Network Analysis, STELLA 
modelling approach, expert systems and the DRIFT modelling approach. 
2.3.1. Vegetation mapping using remote sensing 
Tools such as remote sensing are used to gain information on the distribution and size of 
vegetation types, down to species level as well as the surrounding land use areas. This data, 
integrated with GIS can be used to map changes in cover over time. This method is cost 
effective and rapid when mapping large areas. It forms a standardised approach, which can 
be repeated when needed (seasonally or annually) for ecosystem monitoring and 
assessment (Jollineau and Howarth, 2008). Vegetation mapping, used in conjunction with 
topography for example, is a valuable tool for modelling scenarios. This method was 
employed by Hickey and Bruce (2010) to determine the relationship between mangrove and 
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salt marsh habitat distribution at Botany Bay, Australia.Variations in the inundation patterns 
under different tidal regimes was used to predict the response of the macrophytes.  
2.3.2. Eco Evidence modelling approach 
A new method “Eco Evidence” uses the causal criteria (but for environmental science 
purposes) by collating scientific literature that has been published. All information is 
collected, stored and made available on a web database application (the Eco Evidence 
Database), which streamlines the data collating process as data is made available to all 
users. An analysis tool (the Eco Evidence Analyser) is then used to assess hypotheses 
through 8 steps: 1) Document the nature of the problem and develop draft hypothesis, 2) 
Identify the context in which the question will be asked, 3) Develop a conceptual model, 4) 
Decide on the relevant cause-effect hypotheses, 5) Search, review and extract evidence 
from literature, 6) Revise conceptual model and previous steps, 7) Catalogue and weight 
evidence and 8) Assess the level of support for the overall question and make a judgment. 
The end result is a full report that can be used to make an informed management decision 
(Webb et al., 2011). 
An Eco Evidence system was developed due to the fact that there is a large amount of 
scientific literature that is under-utilised. The tool is now able to summarise the information in 
a systematic review (Webb et al., 2011). The Eco Evidence method is somewhat limited due 
to the fact that it only provides a comprehensive evaluation of the facts for and against 
cause-effect questions and cannot prove causality (Norris et al., 2012).  
Presently the Eco Evidence database is populated with approximately 400 evidence items 
that only link river flow regimes to vegetation responses. The objective is to obtain a broader 
range in topics for use by environmental scientists and managers (Webb et al., 2011). The 
software is expected to evolve rapidly over the next few years as users increase and more 
information is stored as evidence. 
2.3.3. Ecological Network Analysis (ENA) 
An ecological network analysis is used to analyse interactions within a system, providing a 
holistic overview. However the success of the analysis lies with the quantity and quality of 
available data, therefore data need to be substantial (Fath et al., 2007). A number of studies 
on the biological components of St. Lucia exist, making it possible to construct food webs 
and perform an analysis.   
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With the use of an ecological network analysis, Chrystal and Scharler (2013) were able to 
assess the response of the St. Lucia ecosystem to various physico-chemical conditions and 
mouth states, quantitatively. By collating biological datasets from literature between 2006 
and 2008, trophic flow models were constructed. The input data consisted of standing stocks 
of the various levels, the flows between them and exchanges between ecosystem to 
ecosystem. The flow currency used was Carbon and biomass was measured in C.m-2 and 
flow measurements in C.m-2.day-1. The input data for the matrix, used in the ecological 
network analysis, was the gross primary production (net primary production and respiration) 
for the primary producers. Chlorophyll a of microalgae and area of submerged macrophytes 
were converted to Carbon with the use of formulas found in literature. Literature on the 
faunal communities including zooplankton, fish, birds, crocodiles and hippos were also used 
to calculate their Carbon contents. The flows between the trophic levels under various mouth 
states were calculated.  
The model indicated that mouth state, water level and salinity do have a significant effect on 
the biomass and productivity of the system. There was a significant decline in biomass 
during the drought period, as water levels decreased and salinity increased, however in 
2007 when the mouth opened for a short period of time, biomass increased once again. This 
demonstrated the importance of an open mouth condition for growth and development of 
flora and fauna of the system, as well as more efficient functioning of the food web.  
2.3.4. STELLA modelling approach 
Estuarine health is determined by the quantity and quality of the freshwater and its 
management. Resource Directed Measures (RDM) is a process whereby expert opinion is 
used to predict changes in the abiotic and biotic components in response to different 
scenarios, by using data and knowledge about the subject matter (Turpie et al., 2009). 
However, the results obtained by different experts are often varied due to the subjectivity of
the method. Likewise, management decisions are also made using the experience of 
managers and what they “feel”, and can also lead to varying results and therefore 
consequences. With the use of a modelling system the interactions between the different 
components are made explicit as the assumptions were the same. Models like STELLA are 
used to guide future research, help with assessment of scenarios for RDM and to 
demonstrate both ecological and economic consequences of various management 
decisions (Turpie et al., 2009).   
The sub-models dealt with different aspects (physical, biotic, economic or management) of 
the system. The aim of the model was to show how physical factors such as the freshwater 
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and marine input balance, salinity, nutrients and currents and turbidity affect the productivity 
and structure of the estuarine communities. On the basis of current and past vegetation 
maps of the area and measured growth rates, the area of macrophytes (submerged, reeds, 
sedges, saltmarsh, mud- and sandbanks) was determined in hectares. Mortality of the 
macrophytes was calculated by the reduction in the maximum possible area in relation to 
current area. 
Firstly, the physical dynamics and water quality parameters of the system were modelled. 
Daily freshwater inflow, daily tidal height maxima and daily mean wave height data were 
used as inputs for the models and total volume of water, height of the berm and water level 
in the estuary were calculated for physical dynamics. The sub-models for water quality were 
salinity and dissolved inorganic nitrogen (DIN) for the system.  
The areas of the various macrophyte habitats were calculated using present cover and they 
were shown to be controlled by four drivers: water level, mouth state, water column salinity 
and DIN. The area of mud banks, sandbanks and open water was also calculated as a 
response to the above drivers.  GIS was used to determine the area of macrophytes under 
closed mouth and open mouth conditions. Growth of the submerged macrophytes (Ruppia 
cirrhosa, Chara vulgaris, Halophila ovalis, Potamogeton pectinatus and macroalgae: Ulva 
intestinalis and Cladophora sp.) increased with salinity (but decreased over 25 ppt), water 
level and DIN (McMillan and Moseley, 1967; Adams and Bate, 1994a, b; Riddin and Adams, 
2008). The reeds and sedges included Phragmites australis and some members of the 
Cyperaceae family and growth was shown to decrease when salinity was >25 ppt (Lissner 
and Schierup, 1997; Hootsmans and Wiegman, 1998; Hartzendorf and Rolletchek, 2001; 
Mauchamp and Meseleard, 2001) and with an increase in water level (Riddin and Adams, 
2008). Salt marsh included intertidal species, Sarcocornia perennis and supratidal species, 
Sarcocornia pillansii. Salinity and water level were the dominant controlling factors of growth 
for this group and salinities below 30 ppt were preferable (Adams and Bate, 1994b; 
Bornman, 2002) and water level below 0.6 m for the intertidal species and below 2 m for the 
supratidal species (Bornman, 2002; Riddin and Adams, 2008). 
Four scenarios were run to test artificial breaching: 
1 - No breaching; 2 - Breaching when water level threshold > 1.8 m; 3 - Breaching in 
November if mouth has been closed for 90 prior, to encourage fish recruitment;        4 - 
Breaching if estuary mouth has been closed for 250 days prior, for water quality purposes.  
The results of the modelled scenarios indicated that there will be less submerged 
macrophytes due to higher salinities and exposure. Reeds, sedges and salt marsh however, 
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will increase in area as water levels are lowered and more varied. Total vegetated area will 
not be affected much (Turpie et al., 2009).     
2.3.5. Expert Systems 
Noble (1987) first predicted that expert systems (a type of artificial intelligence) would have 
an impact on vegetation science and ecology in the future. They are used in applied ecology, 
to make management decisions and integrate data from various domains or fields of 
expertise. Expert systems were used by various researchers for management purposes, 
Starfield et al. (1989) and Taylor (2006) used an expert system to predict what estuarine 
vegetation would occur at St. Lucia; and Adams (1994) used an expert system to aid 
management when determining the amount of freshwater required for estuarine plants. An 
expert system is a rule-based model that allows the user to understand the relationship 
between the abiotic and biotic components, using IF-THEN logical operators to predict 
changes over time (Starfield et al., 1989). 
Taylor (2006) made use of the DQR system developed by Starfield et al. (1990) and 
processed in the WinExp Expert System shell by Qualding and Qualding (1995). This 
system used a knowledge base that can be updated, with new knowledge and determined 
what type of vegetation would occur under a specific set of physical determinants. Decisions: 
these are all the possible outcomes (or answers) to the expert system and described the 
habitats: from D1 = not an estuarine habitat, D2 = open water habitat to habitats for 
submerged macrophytes, reeds and sedges, salt marsh, mangroves etc. up to D21. 
The Questions on the physical environment form the next component of the system and 
possible answers are given (a1 to a5). For example, Q: How deep is the water? A1 = >60 
cm, A2 = <60 cm and Q: Is the salinity within… A1 = 0-12 ppt, A2 = 12-25 ppt, A3 = 25-45 
ppt or A4 = >45 ppt?  
Lastly, the Rules are expressed as IF… (condition) … THEN … (outcome); i.e. rule = certain 
answer to question = decision. For example, the first rule (Rule 1) states that if the answer to 
the „why‟ question “does this expert system only deal with vegetation associated with 
estuaries?” and is answered as Q1A1, which is “No – this is not an estuary” then the 
outcome or answer is given as D1, which is “this is not an estuarine habitat and thus is 
beyond the domain of this expert system”. However, Rule 2 states that it is “open water with 
few shoreline-proximity influences” and is answered as Q1A2 and Q2A1, which are “Yes – 
this is an estuary” and “Yes – Open water with seldom exposed substratum” then the 
outcome or answer is given as D2, which is the habitat described as “an open-water habitat”. 
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Another example is given as Rule 18, which states that “mangroves are intertidal – generally 
found between mid-tide to spring high-tide range” then if the outcome is not D1 or D2, which 
are “this is not an estuarine habitat and thus is beyond the domain of this expert system” or 
“an open-water habitat”, the outcome is given as D10, which is a “habitat for mangroves”. 
Therefore the presence or absence of macrophyte habitats can be determined using their 
eco-physiological tolerance ranges (salinity, water level) and scenarios of the physical 
environment. Adams (1994) proposed that hydrodynamic models first be developed, to 
determine the physical characteristics of the system and the output can be used to predict 
the response of the vegetation and further, the social consequences. 
2.3.6. DRIFT modelling approach 
Another method used in South Africa, the DRIFT (Downstream Response to Imposed Flow 
Transformations) method was developed by Southern Waters Ecological Research and 
Consulting cc of South Africa, with input from SMEC (Australia) and specialists (Brown et al., 
2005). This environmental flow assessment process is used to advise on environmental 
flows for rivers (Brown et al., 2013): 
The process is comprised of three steps: 
1. Set up
2. Knowledge capture
3. Analysis
The set up requires assembling a specialist team, needed for the analysis; basin delineation, 
which describes the area to be studied; selection of the study sites and selection of the 
scenarios, which describe the various potential management options. 
Next, hydrological modelling forms part of the knowledge capture. Hydrologists model flow 
regimes for the present day, naturalised and expected future associated with each scenario.  
The relevant specialists are then responsible for choosing indicators that are sensitive to 
flow (a macrophyte habitat, for example the abundance of submerged macrophytes is 
affected with changes in flow). Their eco-physiological responses, based on various sources 
including literature (national and international), local wisdom and their own data are 
compiled.  With this information, biophysical response curves are constructed and depict the 
relationship between the driving indicator and the responding indicator, where the severity of 
response ranges from no response (0) to critically high (5) and can either be positive (+) or 
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negative (-). Submerged macrophytes, for example, respond to an increase in nutrients by 
increasing in abundance (+). 
The social specialists construct response curves in the same way that biophysical specialists 
do. The two components may also be integrated as the biological aspects are linked to 
social aspects and vice versa. The final output of the model indicates what effect the 
scenario or flow change of the system will have on the ecosystem (biological) and its people 
(social) and the appropriate management decisions are made, based on the predictions. 
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3. STUDY SITE
3.1. ST. LUCIA ESTUARY AND MFOLOZI SWAMPS 
The St. Lucia Estuary, found between 27o52” S to 28o24” S and 32o21” E to 32o34” E (Begg, 
1978), on the east coast of South Africa was classified as an estuarine lake by Whitfield 
(1992). It is the largest coastal lagoon in Africa with an average depth of only 0.9m in the 
lake making it a shallow system, sensitive to changes in freshwater inputs (Taylor et al., 
2006). The floodplain of the Mfolozi River, which ends at the sea just south of St. Lucia, is 
one of South Africa‟s largest extending 30 km. Sugar cane cultivation has transformed the 
upper two thirds of the floodplain while the remaining area lies within the iSimangaliso 
Wetland Park. This area too, was once dominated by herbaceous wetland and swamp forest 
species, but has since been cultivated to a large extent by the local subsistence farmers 
(Grenfell et al., 2009).     
The Table 30 in the Appendix provides a detailed summary of all documented changes 
(natural or due to management decisions) of the system, from the year 1911 to present. The 
main drivers (salinity and water level) that influence vegetation distribution were recorded, as 
well as the response of the vegetation. 
3.2. MANGROVE SITES 
Four mangrove sites that were sampled in May 2010 by Hoppe-Speer (2012) were sampled 
again in May 2013 (Figure 10). The sites were chosen for their variations in salinity and 
moisture. Avicennia marina was present at all four sites, and Bruguiera gymnorrhiza was 
present at Site 2. When Hoppe-Speer conducted the study on the mangroves of St. Lucia, 
water level was lower than 0.8 m above mean sea level, which resulted in exposure of the 
intertidal areas of the Narrows. Water column salinity was below 10 ppt in the Narrows and 
hypersaline (>40 ppt) in the lakes. In May 2013, when sampling was conducted for this 
study, both salinity and water level in the Narrows had increased (Figure 11). 
In 2010 Site 1 (28o23‟31.9080”S; 32o24‟19.2540”E) was chosen to represent the flooded site 
(Figure 12). This site falls within the artificial link (back channel) between the Mfolozi River 
and St. Lucia Estuary and trees were established at this site in 1984, after Cyclone Domoina 
(Taylor pers. comm. as cited in Hoppe-Speer, 2012). Random quadrats were chosen here 
and when sampling took place in 2010, this site was flooded with water from the Mfolozi 
River that had just received a high amount of rainfall, water depth at this site reached 0.5 m. 
In 2013, the four quadrats sampled at the site were not flooded, but the sediment was 
waterlogged and depth to groundwater was shallow (10 cm deep). Due to poor accessibility 
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during the flooded conditions and lack of co-ordinates in the first sampling period of 2010, 
the quadrats from Site 1 were changed in 2013, as a more evenly spaced, representative 
stand of mangroves was sampled. 
Site 2 (28°22'38.12"S; 32°25'23.60"E) was chosen as the freshwater seepage site, where 
dredge spoil was deposited in the past (Figure 13). This site was comprised of the oldest 
mangroves sampled in this study, as they were established in the 1960‟s (Taylor per. comm. 
as cited in Hoppe-Speer, 2012). Stands of A. marina and the scarcer B. gymnorrhiza 
occurred at Site 2 (also known as the Black Pipe or Shark Basin site) for both sampling 
periods. Phragmites australis and Acrostichum aureum were densely interspersed within the 
old Bruguiera stands (of Quadrat 2) and the Avicennia stands (Quadrats 3 and 4) were 
sparsely interspersed with Phragmites australis only. The sediment that occurred in the 
Bruguiera stands (Quadrat 1 and 2) was also much drier when compared to the Avicennia 
stands (Quadrats 3 and 4) that were waterlogged and covered in a dense mat of 
pneumatophores. This site was characterised as the freshwater site as both the sediment 
and porewater salinity were very low. 
Site 3 (28º23‟12.6”S; 32º24‟14.646”E) was chosen in 2010 to represent a stand of Avicennia 
marina that grows on the edge of the main water channel. Mangroves were established here 
in the 1970‟s (Taylor per. comm. as cited in Hoppe-Speer, 2012). The site, also known as 
Honeymoon Bend, falls on the bank of the Narrows (Figure 14). Quadrats sampled were 
along the water‟s edge where tall mangrove trees grew submerged in water, while in a more 
landward position the sediment was dry. These characteristics of the site were consistent for 
both sampling periods (2010 and 2013). However in 2013 the water level was higher than in 
2010 and some of the seedlings were not found (submerged) and the growth of Phragmites 
australis also occurred in quadrats closer to the water. 
Site 4 (28º20‟54.1440”S; 32º24‟40.7040”E) represented the dry site in 2010 and was located 
near to the Crocodile Centre, which ran towards the Narrows (Figure 15). Mangroves were 
established here in the 1970‟s (Taylor per. comm. as cited in Hoppe-Speer, 2012) and this 
site had not been tidal since the drought at St. Lucia, which began in 2002. The quadrats 
sampled ranged from near to the water‟s edge (Quadrat 1) to a more landward position 
(Quadrat 4). The ground was covered in dry, dead leaves and the soil was dry and 
compacted in both 2010 and 2013 (except for Quadrat 4, which was submerged in a pool of 
water). 
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Figure 10: Mangrove study Sites 1 to 4 were chosen in 2010 at the time of the drought for 
their different environmental characteristics (flooded, freshwater seepage, adjacent to main 
channel and dry site). 
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Figure 11: Salinity (A) and water level at the St. Lucia Bridge (B) of the St. Lucia Estuary 
(Source: C. Fox of EKZNW) 
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Figure 12: In 2010 Site 1 was completely flooded (A and B); while in 2013 many new 
seedlings were visible (C) and dense stands of adult Avicennia marina were not submerged 
(D). 
A B 
C D 
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Figure 13: Site 2 was populated with dense stands of Acrostichum aureum and Bruguiera 
gymnorrhiza (E: 2010 and F: 2013); while the Avicennia marina quadrats were covered by a 
dense mat of pneumatophores (G: 2013).  
Figure 14: Site 3 was divided into quadrats that were dry (H: 2010 and I: 2013) and 
submerged (J: 2013).  
E F G 
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Figure 15: The sediment at Site 4 was dry and compact in 2010 and the ground was covered 
in dense litter (K and L); in 2013 Quadrats 1 to 3 were dry (M) and Quadrat 4 was covered in 
water (N).  
K L 
M N 
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4. MATERIALS AND METHODS
4.1. DISTRIBUTION OF MACROPHYTES (mapping) 
The state and distribution of the vegetation has been determined in a previous study by 
Nondoda (2012) by digitizing images from 1960, 2001, 2008 and ground truthing in 2011 at 
various sites (Narrows, Forks, Brodie‟s Shallows, Fanies Island, Hells Gate, Catalina Bay, 
Mpate River, Makakatana and Charters Creek). Vegetation cover was separated into habitat 
units (or mapping units) and used to compare distribution for the previous years. The habitat 
units were: submerged macrophytes, intertidal vegetation, dry shorelines and islands, wet 
shorelines, water column, development and coastal forest. This study focused on ground 
truthing of the same areas, with particular focus on vegetation between the Mfolozi and St. 
Lucia estuaries as these habitats will be influenced by the linking of the Mfolozi with the St. 
Lucia Estuary. The GEF project made aerial photographs available: Airborne Laser 
Scanning (ALS) and Digital Imagery Data were acquired from a fixed wing aircraft between 
April and May 2013 by AOC Geomatics. Using ArcGIS 10.0 software the vegetation units for 
2013 was mapped and compared to the maps of previous years (1960, 2001 and 2008) to 
determine the expansion or die-back of the various groups. 
4.2. HEALTH OF THE MANGROVES 
4.2.1. Mangrove characteristics 
The mangrove species Avicennia marina and Bruguiera gymnorrhiza cover a total area of 
304.1 ha at St. Lucia (Nondoda, 2012). They fringe the main channel from the mouth of the 
St. Lucia Estuary inland over a distance of approximately 19 km and also occur along the 
lower parts of the Mpate River, which drains into Lake St. Lucia from the west and between 
the Mfolozi and St. Lucia systems (Hoppe-Speer et al., 2013).  
The population structure of the mangroves was measured with the use of four 25 m2 
quadrats at four sites. Plant height and density, species composition and number of 
seedlings (<50 cm), saplings (>50 – 100 cm), juveniles (101 – 150 cm) and adults (151-200, 
>200-500, >500 cm height) were recorded. The diameter at breast height (DBH) was also 
measured. Notes were made on the overall health of the mangrove trees from observations 
of their leaves and bark. All previous (2010) quadrats were located for this sampling period 
except for Site 4, which was in flood in 2010. Tags from 2010 were also missing or faded 
due to weather conditions over the three year period.  
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4.2.2. Sediment characteristics 
Sediment characteristics and mangrove population structure were measured at four sites of 
differing salinity and water level to determine if there was a relationship between 
environmental characteristics and biotic response. The methods followed by Hoppe-Speer et 
al. (2013) were used. Sediment samples were collected at the surface and bottom (> 50 cm) 
layers. However in 2010 only surface samples were collected at Site 1 due to flooded 
conditions and in 2013 the sediment of Site 3 was totally submerged within the quadrats, 
therefore drier soil samples adjacent to the mangrove quadrats were taken in addition to 
submerged samples within the quadrats. In this study, three replicates were taken per 
quadrat at each of the four sites (n = 156) (144 + 12 submerged samples from Site 3). The 
samples were stored in plastic bags for transportation to the laboratory for analysis. 
The sediment characteristics measured in the field were soil porewater salinity (with the use 
of a handheld conductivity meter) and sediment redox potential (with the use of a HANNA 
redox meter) and water table depth (cm); and in the laboratory: sediment salinity (Barnard, 
1990); moisture and organic content (by Black 1965 and Briggs 1977) and sediment particle 
size (using the hydrometer method of Gee and Bauder 1986).   
4.2.2.1. Sediment salinity 
An air-dried sample of sediment (250 g) was mixed together with a known amount of distilled 
water (100 ml). The suspension was filtered through Whatman No. 1 filter paper. The salinity 
was measured using a SDT salinity meter calibrated at 20C.  The salinity was determined in 
parts per thousand (Barnard, 1990). 
4.2.2.2. Sediment moisture content 
The methodology as set out by Black (1965) was followed. All visible organic matter and 
debris were removed from the samples. The 10 g samples were placed in a crucible and a 
drying oven for 48 hours at 100C. The samples were re-weighed and the percentage 
moisture content was determined using the following equation:  
(Wet mass – Dry Mass/Wet mass) * 100. 
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4.2.2.3. Sediment organic content 
Dried soil samples from the sediment moisture content experiment were placed in an ashing 
oven at 550 ºC for 8 hours (as per the method by Briggs, 1977). The sediment organic 
content was determined using the following equation: 
   * 100
Where:   = initial dry mass 
   = mass after ashing 
4.2.2.4. Sediment particle size 
For sediment particle size, the hydrometer method was used (Gee and Bauder 1986). A 
sodium hexametaphosphate solution was made by adding 50 g to 1 L of distilled water 
(50g.l-1). 40 g of sediment were air-dried and each added to 100 ml of the sodium 
hexametaphosphate solution. These were placed in beakers and shaken overnight so as to 
ensure even mixing.  The samples were then transferred to 1 L cylinders and filled to the 1 L 
mark with distilled water. The cylinder was then shaken for 1 minute by hand and a 
hydrometer was inserted after 30 seconds, 60 seconds, 3 minutes, 1.5 hours and 24 hours. 
The readings were recorded for all the samples at each time interval. Three blanks that 
contained no sediment, only solution and water were prepared. Results were obtained after 
readings were put into equations, as >50µm (sand), >µ2um (clay) and <2µm (silt). 
4.2.3. Faunal characteristics 
The number of snails (Cerithidea decollata) on the trunks of the trees and crab burrow holes 
in each quadrat were counted to investigate the relationship between environmental 
characteristics and faunal abundance. The snails occupy the trunks of the trees that are 
exposed and migrate up and down the trees with the tides. Larger crab holes are made by 
the bigger species Neosarmatium meinerti, which prefers the upper intertidal and supratidal 
zones, while Parasesarma catenatum is a smaller species that predominantly occupies the 
lower intertidal zone and has small crab burrows (Hoppe-Speer, 2012). The average crab 
burrow size would give an indication as to what species was more abundant at the sites. At 
Site 3, crab holes were counted in quadrats adjacent to the mangrove quadrats as they were 
submerged at the time of sampling.    
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4.2.4. Pneumatophores 
The percentage of aerenchyma of Avicennia marina pneumatophores was calculated using 
methods adapted from Videmsek (2006). Pneumatophores (n = 40) from each quadrat at 
each site were cut off at approximately 10 cm from the root apex and stored in a solution of 
FAA (70% ethanol, 10% formalin and 5% acetic acid). In the laboratory three replicates per 
quadrat were chosen and thin sections were cut with a blade, 6 cm from the root apex 
(where the presence of aerenchyma is reported to be most abundant)  
The area of aerenchyma was calculated manually, using image analysis (Videmsek, 2006). 
The sections were observed under the dissecting microscope and pictures were taken. The 
polygon drawing tool was used to calculate the area of aerenchyma and the total cross-
sectional area of the image in ImageJ. The results were used in the formula: 
Percentage of aerenchyma (%) = (area of aerenchyma/total cross-sectional area)*100 
Figure 16: Cross section of an Avicennia marina pneumatophore. Aerenchyma area 
indicated by „a‟ in the white space surrounding the pith, xylem and phloem in the centre. 
4.2.5. Statistical analysis 
The data was analysed using STATISTICA version 10. Kruskal Wallis of non-parametric 
data and One-way Anova tests of parametric data in conjunction with a post-hoc Tukey test 
were used to determine significant differences between the data.  These included mangrove 
height, sediment moisture content, sediment organic content, sediment electrical 
conductivity, sediment particle size and sediment redox potential. The Spearman‟s rank 
correlation was also used to test for correlations between environmental characteristics and 
plant height, density and faunal characteristics (snails and crab hole abundance). 
a 
a 
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4.3. PREDICTING THE RESPONSE OF MACROPHYTES TO MANAGEMENT 
SCENARIOS 
Different modelling approaches including STELLA, DRIFT and expert systems were 
researched and described, forming a component of the third objective. The estuarine 
modelling component was carried out with the use of the DRIFT method (Brown et al., 2013) 
as this was the preferred model to be used by the GEF project. 
DRIFT is a conceptual model that required input of response curves of the different 
macrophyte habitats to changes in salinity and water-level. First eco-physiological data on 
the tolerances of each habitat, as well as dominant species in the group were collected 
(Tables 3-19). The data were categorised into the main “drivers” that are important for the 
growth of the group or species (Table 28). Abiotic data were collated by the various 
specialists: salinity, water level, turbidity, nutrients: DIN and DIP, intertidal habitat area. The 
data ranged from present day minimum (PD Min) to present day median (PD Med) to 
present day maximum (PD Max) for the various areas: the Lakes, Narrows and Mfolozi. 
Response curves were generated, using the eco-physiological tolerances of the habitats. 
These driver-response relationships formed the core of the scenario assessment tool that 
was used to assess the changes in the abundance of the habitat groups under a range of 
possible future management scenarios.  
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5. RESULTS
5.1. DISTRIBUTION OF MACROPHYTES (mapping) 
The area (ha) covered by each macrophyte habitat (Table 21) and maps of enlarged 
sections (Figure 18) of the system indicate the vegetation distribution. A large increase in 
submerged macrophytes in the South Lake was observed since 2008. The most dominant 
habitat, from both years, reeds and sedges, line the banks of North Lake and the Narrows.  
Mangroves occur from the mouth of the estuary up to the Forks. The total area covered was 
46 871.6 ha (vegetation habitats and water area). In 2008 dry or exposed soil was also 
recorded, which accounted for 234 ha. 
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Table 21: Area cover (ha) for each macrophyte habitat in 2008 and 2013
Submerged 
macrophytes 
Reeds and sedges Mangroves Grass and shrubs Salt marsh Swamp forest Water column 
2008 2013 2008 2013 2008 2013 2008 2013 2008 2013 2008 2013 2008 2013 
False 
Bay 
0 0 834.6 834.6 0 0 1254.7 1243.1 367.2 294.3 0 0 7930.4 8726.7 
North 
Lake 
0 0 4549.9 4994.3 0 0 715.8 748.5 170.9 109.8 0 0 16278.5 17157.7 
South 
Lake 
19.3 431.5 598.8 604.3 0 0 146.2 155.7 427.5 10.6 0 0 5741.3 6137.0 
Narrows 0 0 773.8 792.5 225.8 209.5 44.7 64.7 2.0 0 27.1 25.2 453.3 512.4 
Mfolozi 0 0 1607.2 1591.8 90.2 78.2 383.6 383.6 0 0 1708.2 1683.1 94.2 90.2 
TOTAL 19.3 431.5 8430.4 8817.6 316.0 287.7 2544.9 2595.5 967.6 414.7 1735.3 1708.3 30497.6 32624.1 
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Legend
Submerged macrophytes
Reeds and sedges
Mangroves
Grass and shrubs
Salt marsh
Swamp forest
Water column
Figure 17: Legend for the St. Lucia habitat units 
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E
Figure 18: 2008 (left) and 2013 (right) maps of A) False Bay, B) North Lake, C) South Lake, D) the Narrows and E) the Mfolozi 
Swamps 
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5.2. HEALTH OF THE MANGROVES 
5.2.1. Mangrove population structure 
The number of individuals (n) of Avicennia marina only increased at Site 1 from 2010 to 
2013, from 241 to 522 individuals (including seedlings, sapling and adults). This increase 
can be attributed to the high abundance of seedlings present in 2013 (0 in 2010 to 388 in 
2013). The number of individuals from Sites 2, 3 and 4 decreased (Figure 19). Diameter at 
breast height (DBH), measured in cm, was not significantly different from 2010 to 2013, 
however an increase was calculated for the Avicennia trees at Site 2 (from 7.71 ± 0.45 to 
9.87 ± 0.76) and 4 (from 11.53 ± 0.62 to 14.03 ± 1.25) and a decrease in DBH of Avicennia 
trees at Site 1 (from 14.48 ± 0.99 to 11.47 ± 0.45) and 3 (from 9.13 ± 0.98 to 8.47 ± 1.29) 
and Bruguiera at Site 2 (from 13.18 ± 0.44 to 9.68 ± 0.86).  
Data from the four sites were averaged to assess whether there were differences in total 
mangrove density between 2010 and 2013.  There was no significant difference between 
the sapling and adult density from 2010 to 2013 (due to the short time span between 
sampling times). Although there was an increase in the average density of seedlings; the
saplings and adults decreased. The average density of Bruguiera gymnorrhiza decreased 
from 2010 to 2013 while the average density of Avicennia marina increased (Table 22). 
 Table 22: Average density (individuals per ha) for Avicennia marina and Bruguiera 
gymnorrhiza in 2010 and 2013 
DENSITY (number of individuals.ha
-1
)
      AVERAGE 
TOTAL DENSITY
SEEDLINGS 
(<50) 
SAPLINGS 
(51-100) 
TREES 
(>100) 
YEAR 2010 2013 2010 2013 2010 2013 2010 2013 
Average 
9 367 ± 
2 156 
9 783 ± 
3 045 
3 575 ± 
1 811 
9 725 ± 
6 222 
2 175 ± 
1 019 
275 ± 
135 
22 350 ± 
3 637 
19 350 ± 
2 778 
Avicennia 
marina 
8 933 ± 
2 234 
9 857 ± 
3 282 
4 057 ± 
2 045 
11 085 ± 
7 064 
1 457 ± 
696 
171 ± 
80 
21 285 ± 
3 961 
18 314 ± 
2 702 
Bruguiera 
gymnorrhiza 
3 100 ± 
506 
2 317 ± 
454 
50 ± 13 50 ± 17 
1 800 ± 
636 
250 ± 
88 
7 450 ± 
866 
6 650 ± 
1 255 
64 
Figure 19: Total number of individuals per ha for 2010 and 2013 for all sites 
Figure 20 - Figure 24 show the changes in population structure from 2010 to 2013. The 
variability within sites was high due to the very different mangrove population structure in the 
four quadrats sampled per site. Individual quadrat data for each site are in the APPENDIX. 
The seedling density of Site 1 was significantly higher in 2013 when compared to 2010 (n = 
8; H = 6.05; p<0.05); this increased from 0 to 38 800 individuals.ha-1. In 2010 the habitat was 
covered with water which would have prevented seedling growth. 
The Bruguiera gymnorrhiza mangroves at Site 2 had a decrease in seedlings and saplings 
since 2010, but an increase in adults. The Avicennia marina species also had a decrease in 
seedlings and saplings, but an increase in adults above 500 cm.  Dense growth of the 
mangrove fern (Figure 13) and competition for light may have influenced recruitment and 
survival of B. gymnorrhiza seedlings. 
There was a decrease in the number of both seedlings and saplings at Sites 3 and 4. 
However there was an increase in adults for the 200-500 cm and >500 cm height classes for 
both these sites. 
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Figure 20: Density of mangroves per height class for 2010 and 2013 at Site 1 
Figure 21: Density of Bruguiera gymnorrhiza per height class for 2010 and 2013 at Site 2 
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Figure 22: Density of Avicennia marina per height class for 2010 and 2013 at Site 2 
Figure 23: Density of individuals per height class for 2010 and 2013 at Site 3 
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Figure 24: Density of individuals per height class for 2010 and 2013 at Site 4 
5.2.2. Sediment characteristics 
5.2.2.1. Sediment salinity 
Sediment salinity for Site 1 in 2013 was significantly higher than in 2010 (n = 33, H = 19.07, 
DF = 1, p<0.05); however in 2010, the sediment salinity of Sites 3 (n = 52, H = 32.62, DF = 
1, p<0.05) and 4 (n = 43, H = 6.73, DF = 1, p<0.05) were significantly higher than in 2013.  
Figure 25: Sediment salinity (ppt) for 2010 and 2013 
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In 2013 the sediment salinity of Site 1 was significantly higher than all the other sites and the 
salinity of the sediment at Site 3 was significantly higher than that of Sites 2 and 4 (n = 108, 
H = 69.86, DF = 3, p<0.05). There was no significant difference in sediment salinity with 
depth.  
Figure 26: Sediment salinity (ppt) for 2013 with depth 
5.2.2.2. Porewater salinity 
In 2010 Site 1 had a significantly lower porewater salinity (n = 15, H = 6.80, p<0.05) than the 
other sites. Site 3 and 4 had a significantly lower porewater salinity (n = 21, H = 14.73, 
p<0.05 and n = 21, H = 14.77, p<0.05) in 2013 than in 2010. The porewater salinity in 2013 
was significantly higher for Site 1 compared to all the other sites (n = 48, H = 33.11, DF = 3, 
p<0.05).  
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Figure 27: Porewater salinity (ppt) for 2010 and 2013 
5.2.2.3. Sediment moisture content 
The sediment moisture content of Site 1 was significantly higher in 2010 than in 2013 (DF = 
31, F = 21.09, p<0.05) and at Site 3, the moisture content in 2013 was significantly higher 
than in 2010 (DF = 52, F = 23.28, p<0.05).  
Figure 28: Sediment moisture content (%) for 2010 and 2013 
The sediment moisture content of Site 2 in 2013 was significantly higher than Sites 3 and 4 
(DF = 102, F = 6.2, p<0.05). The sediment moisture content with depth was not significantly 
different between sites, however the top layer of sediment for Site 1 had a significantly 
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higher moisture content than the bottom layer (n = 24, H = 5.33, DF = 1, p<0.05) and the 
submerged and bottom layers of Site 3 had significantly higher moisture contents than the 
top layer (DF = 33, F = 8.80, p<0.05). 
Figure 29: Sediment moisture content (%) for 2013 with depth 
5.2.2.4. Sediment organic content 
The sediment organic content for the year 2013 was significantly higher for all the sites when 
compared to the sediment of 2010 (n = 33, H = 16.67, DF = 1, p<0.05; n = 42, H = 19.75, DF 
=1, p<0.05; DF = 52, F = 61.78, p<0.05; n = 42, H = 29.19, p<0.05). 
Figure 30: Sediment organic content (%) for 2010 and 2013 
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Site 1 had a significantly higher sediment organic content than Site 3 (DF = 102, F = 1.63, 
p<0.05). The sediment organic content with depth (over all the sites) was significantly 
different (DF = 102, F = 5.91, p<0.05) as the top layer of sediment had a significantly higher 
organic content than the bottom and submerged layers and the organic content of the 
bottom layer of sediment was significantly higher than that of the submerged layer. The top 
layer of Site 1 had a significantly higher organic content when compared to the bottom layer 
(n = 24, H = 10.83, DF = 1, p<0.05) and the top and bottom layers of sediment at Site 3 had 
significantly higher moisture content than the submerged layer (n = 36, H = 17.08, DF = 2, 
p<0.05).     
Figure 31: Sediment organic content (%) for 2013 with depth 
5.2.2.5. Sediment particle size 
The percentage sand for 2013 was significantly higher than in 2010 for all the sites (Site 1: 
DF = 31, F = 10.55, p<0.05; Site 2: n = 42, H = 12.54, DF = 1, p<0.05; Site 3: n = 54, H = 
13.14, DF = 1, p<0.05; Site 4: DF = 40, F = 42.80, p<0.05) similarly, the percentage clay was 
significantly higher in 2013 than in 2010 for Sites 1 (DF = 31, F = 70.22, p<0.05), 2 (n = 42, 
H = 10.80, DF = 1, p<0.05) and 4 (n = 42, H = 27.99, DF = 1, p<0.05). The percentage silt 
however, was significantly higher in 2010 when compared to that of 2013 for Site 1 (DF = 31, 
F = 56.51, p<0.05), Site 2 (n = 42, H = 12.25, DF = 1, p<0.05), Site 3 (n = 54, H = 9.84, DF = 
1, p<0.05) and Site 4 (n = 42, H = 26.88, DF = 1, p<0.05). 
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Figure 32: Particle size fraction of percentage sand, clay and silt for 2010 
Figure 33: Particle size fraction of percentage sand, silt and clay for 2013 
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There was a significant difference (DF = 102, F = 18.86, p<0.05) in the percentage of sand 
for the sites in 2013 as Sites 1, 3 and 4 had significantly higher sand percentages than Site 
2; Site 3 also had a significantly higher sand percentage than Site 1. There was no 
significant difference in the percentage of sand with depth across all sites or within site. 
Figure 34: Sand fraction (%) for 2013 with depth 
Sites 1 and 4 had significantly higher clay percentages than Sites 2 and 3 (n = 108, H = 
67.87, DF = 3, p<0.05). The percentage clay content was also higher in the top and bottom 
layers when compared to the submerged layer for all sites (n = 108, H = 15.99, DF = 2, 
p<0.05), the bottom layer of Site 1 had a significantly higher percentage of clay than the top 
layer (DF = 22, F = 20.17, p<0.05) and the top layer of sediment of Site 3 had a significantly 
higher percentage of clay when compared to the submerged sediment (DF = 33, F = 3.74, 
p<0.05). 
0
10
20
30
40
50
60
70
1 2 3 4
Sa
n
d
 f
ra
ct
io
n
 (
%
) 
Sites 
Bottom
Top
Submerged
74 
Figure 35: Clay fraction (%) for 2013 with depth 
The percentage of silt for Site 2 was significantly higher compared to the other sites and Site 
3 had a significantly higher silt content than Site 4 (n = 108, H = 47.81, DF = 3, p<0.05). 
There was no significant difference in the percentage of silt with depth between sites and 
within sites. 
Figure 36: Silt fraction (%) for 2013 with depth 
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5.2.2.6. Redox potential 
The redox potential of the soil in 2010 was significantly higher than in 2013 for Sites 3 (n = 
53, H = 27.87, DF = 1, p<0.05) and 4 (n = 42, H = 30.15, DF =1, p<0.05), however in 2013 
the redox potential was significantly higher than 2010 for Site 1 (n = 33, H = 14.74, DF = 1, 
p<0.05).  
Figure 37: Redox potential (mV ± SE) for 2010 and 2013 
The redox potential of the sediment at Site 1 was significantly higher than all the other sites 
and Site 3 had a significantly higher redox potential than Site 2 (n = 108, H = 40.76, DF = 3, 
p<0.05). There was a significant difference in the redox potential with depth as the top and 
bottom sediment layers had significantly higher redox potentials when compared to the 
submerged layer for all sites (n = 108, H = 14.26, DF = 2, p<0.05) and Site 3 (n = 36, H = 
26.35, DF =2, p<0.05). 
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Figure 38: Redox potential (mV) for 2013 with depth 
5.2.3. Faunal characteristics 
There was a significantly higher density of snails at Site 1 (n = 8, H = 5.40, p<0.05) in 2010, 
compared to 2013, however Site 3 (n = 8, H = 5.33, p<0.05) had a significantly higher 
density of snails in 2013. Both sampling periods recorded no snails for Site 4. There was 
also a significantly higher density of snails at Site 2 than Site 3 in 2013 (n = 16, H = 10.91, 
p<0.05).  
Table 23: Average density of snails (individuals per ha ± SE) for 2010 and 2013 
SITE 2010 2013 
1 148 300 ± 58 750 2 300 ± 4 62 
2 186 900 ± 91 640 259 100 ± 20 387 
3 85 200 ± 21 900 129 000 ± 33 292 
4 0 0 
In 2010 no crab burrows were recorded at Site 1 due to the high water level, therefore the 
density of the crab holes at Site 1 was significantly higher in 2013 than in 2010 (DF = 1, F = 
40.80, p<0.05). There was no significant difference between the densities of crab holes 
between sites.   
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Table 24: Average density of crab holes (holes per ha ± SE) for 2010 and 2013 
SITE 2010 2013 
1 0 43 600 ± 7 974 
2 15 500 ± 6 690 16 600 ± 3 777 
3 14 800 ± 9 500 53 700 ± 3857 
4 17 900 ± 9 120 17 466 ± 15 629 
5.2.4. Correlation analysis 
Correlation analysis between the biotic and environmental characteristics showed that 
population density of the mangroves at Site 1 was positively correlated with sediment salinity 
(R = 0.95, p<0.05) and Site 2 was positively correlated with the clay content of the soil (R = 
0.96, p<0.05).  
Environmental characteristics correlated with each other showed that the organic content of 
the soil at Site 3 was positively correlated with soil salinity (R = 0.98, p<0.05) and the redox 
potential of the sediment at Site 4 was positively correlated with porewater salinity (R = 0.96, 
p<0.05). Redox potential of the soil at all the sites was positively correlated with water table 
depth (R = 0.58, p<0.05). 
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5.2.5. Pneumatophores 
The percentage of aerenchyma of the pneumatophores ranged from 72% to 86%. There was 
no significant difference between the percentage of aerenchyma of the pneumatophores at 
various sites (DF = 3, F = 1.36, p>0.05) or quadrats (DF = 44, MS = 10.44; p>0.05). 
However, significant correlations did exist. The percentage of aerenchyma was not 
significantly correlated to the redox potential of the soil (n = 48; r = 0.096; p>0.05), but at 
Site 1 the percentage of aerenchyma was positively correlated with water table depth (n = 9, 
R = 0.74, p<0.05).     
Table 25: Photographs of cross sections of pneumatophores for wet and dry quadrats of 
Sites 1 to 4 
SITE WET DRY 
1 - 
Q1 
2 
Q4 Q2 
3 
Submerged Emergent 
79 
4 
Q4 Q3 
Table 26: Percentage of aerenchyma (Average ± SE) per quadrat for all sites 
SITE and Quadrat Aerenchyma (%) 
SITE 1 
Q2 76.5 ± 0.5 
Q3 78.4 ± 1.1 
Q4 76.1 ± 1.4 
SITE 2 
Q2 81.0 ± 4.8 
Q3 77.1 ± 2.1 
Q4 74.7 ± 0.8 
SITE 3 
Q1 79.8 ± 1.4 
Q2 78.3 ± 0.8 
Q3 81.9 ± 1.0 
Q4 78.3 ± 1.2 
Submerged 78.0 ± 1.7 
Emerged 78.3 ± 2.5 
SITE 4 
Q1 77.1 ± 1.9 
Q2 75.0 ± 1.2 
Q3 77.8 ± 1.3 
Q4 78.3 ± 2.0 
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5.3. PREDICTING THE RESPONSE OF MACROPHYTES TO MANAGEMENT 
SCENARIOS 
Table 27 and Figure 39 illustrate the changes in vegetation cover (ha) for the years
1960, 2001, 2008 and 2013. The cover was mapped using aerial photographs by Nondoda 
(2012) and the * indicates areas where the quality of the aerial photograph was too 
poor to accurately map out. These data were used to help predict the change in vegetation 
cover for the various management scenarios in conjunction with the eco-physiological 
tolerances, as the important abiotic components (salinity and water level) are known for 
these years. 
The vegetation cover at the Eastern Shores increased over the years. 
Submerged macrophytes increased by 412.2 ha (82 ha.yr-1) from 2008 to 2013 and salt 
marsh increased from 2001 to 2008 (83 ha.yr-1) but decreased drastically (96 ha.yr-1) in 
2013. The 1960 and 2001 vegetation cover for the Western Shores could not be 
mapped, but vegetation from 2008 to 2013 decreased. Between 1960 and 2001 
mangrove and swamp forest increased, but decreased in 2013 from the highest cover 
in 2008 by 4 ha.yr-1 and 2.7 ha.yr-1, respectively. There was a small decrease in 
vegetation cover (reeds and sedges and swamp forest) between 2008 and 2013. 
Table 27: Area covered by the different habitat units at the Eastern and Western 
Shores, Narrows and Mfolozi Swamps (* indicates areas that were not mapped)  
Location Habitat unit 
Area (ha) 
1960 2001 2008 2013 
Eastern 
Shores 
Submerged 
macrophytes 43.2 0 19.3 431.5 
Reeds and 
sedges 
4851.2 4890.2 5124.1 5572.7 
Mangrove 1.5 1.6 1.7 1.7 
Grass and 
shrubs 
585.0 512.2 790.8 848.9 
Salt marsh * 21.2 600 120.4 
Water, 
exposed sand 
2379.2 2435.0 1326.3 885 
Total 7860.2 7860.2 7860.2 7860.2 
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Western 
Shores 
Reeds and 
sedges 
* * 918.6 857.0 
Grass and 
shrubs 
* * 1325.9 1298.4 
Salt marsh * * 367.2 294.3 
Exposed 
sand, 
interleading 
rivers 
* * 1370.2 1532.2 
Total * * 3981.9 3981.9 
Narrows 
Reeds and 
sedges 
624.3 547.6 748.0 767.1 
Mangrove 189.1 234.2 239.7 218.9 
Grass and 
shrubs 
3.7 29.4 44.1 64.0 
Salt marsh 0 0 2.0 0 
Swamp forest 6.2 8.0 38.9 25.2 
Exposed 
sand, water, 
dredge spoil 
503.7 507.7 254.2 251.7 
Total 1326.9 1326.9 1326.9 1326.9 
Mfolozi 
Swamps 
Reeds and 
sedges 
* * 1653.1 1620.0 
Mangrove * * 74.6 67.1 
Grass and 
shrubs 
* * 384.2 384.2 
Swamp forest * * 1696.4 1675.2 
Cultivated 
land, exposed 
sand, dredge 
spoil 
* * 491.7 553.5 
Total 4300.0 4300.0 
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Figure 39: Area cover (ha) over time of submerged macrophytes (A), reeds and sedges (B), mangroves (C), grass and shrubs (D), salt
marsh (E) and swamp forest (F) of the Eastern and Western Shores, Narrows and Mfolozi Swamps.
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The eco-physiological tolerance ranges of each habitat group was collected and summarised to determine the most important drivers of 
vegetation distribution (Table 28). The primary driver is considered as the most important factor influencing growth or die-back of the species,
followed by the secondary and tertiary drivers, and other factors that may have a less significant influence when compared to the main three. In 
accordance with the literature, water level, salinity, velocity and nutrients are the most important factors. Knowledge on the drivers and abiotic 
conditions of the three scenarios are used to predict change in cover for each scenario. The shaded blocks indicate die-back (Table 29).
Table 28: Summary of main drivers for various habitats
Habitat group Dominant species Primary driver 2
o
 driver 3
o
 driver
Other influencing 
factors 
Macroalgae 
Ulva intestinalis, 
Chaetomorpha spp., 
Cladophora spp., 
Bostrychia spp. and 
Polysiphonia spp. 
Water depth 
Available habitat 
decreases in response to 
drop in water level 
Water velocity 
Optimum velocities 
for growth are 
between 0.5 and 
0.8m s
-1
Nutrients 
Respond rapidly to 
an increase in 
nutrients 
Submerged 
macrophytes 
Ruppia cirrhosa, Zostera 
capensis, Stuckenia 
pectinata 
Water depth 
Occur at water depth < 1.2 
m and > 0.5 m but 
dependent on available 
light, sensitive to exposure 
Water velocity / 
sediment stability 
Unstable sediment at   
>1 m s
-1
 and no
colonization
Salinity 
Ruppia cirrhosa (<50 
ppt), 
Stuckenia
pectinata(<20 ppt) 
High silt load will 
reduce light available 
to the plants, can also 
coat & smother plants 
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and desiccation Zostera capensis 
(15-45 ppt) 
Reeds & sedges 
Juncus kraussii, 
Phragmites australis, 
Schoenoplectus scirpoides 
Salinity 
Grow best at a salinity 
< 20 ppt 
Water level 
Will die if 
permanently 
inundated > 3 m 
Groundwater 
seepage 
Provides favourable 
waterlogged habitats 
Shading by swamp 
forest can reduce 
growth and 
expansion.  Strong 
waves can reduce 
cover. Grazing of new 
shoots in conjunction 
with fire. 
Mangroves 
Avicennia marina, 
Bruguiera gymnorrhiza 
Intertidal habitat 
Typically found between 
the mean sea level and 
mean high water spring 
tide level 
Salinity 
≥10 ppt necessary for 
growth, outcompeted 
by reeds at lower 
salinity 
Water level 
Inundation > 5 month 
will result in die-back 
Physical destruction 
observed after 
cyclones.  Fine silt 
deposited on 
pneumatophores 
detrimental to 
gaseous exchange. 
Fire, hail and kudu 
browsing all 
detrimental. 
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Grass & shrubs 
Sporobolus virginicus, 
Paspalum vaginatum, 
Stenotaphrum secundatum 
Salinity 
< 20 ppt ideal for growth 
and expansion 
Water level 
Saline grasses are 
better adapted to 
submerged 
conditions than 
succulent salt marsh. 
Grazing 
By mammals and 
aquatic herbivores 
Loss of habitat due to 
invasive plant 
species. 
Succulent salt marsh 
Sarcocornia spp., 
Salicornia meyeriana, 
Atriplex patula 
Salinity 
Grow best in saline soils 
(~35 ppt).  Salt crusts 
prevent seedling 
establishment 
Water level 
Inundation > 3 
months will kill salt 
marsh.  Sensitive to 
desiccation. 
Dry sediment 
Adapted to survive 
saline, dry soils 
Swamp forest 
Ficus trichopoda, 
Barringtonia racemosa, 
Voacanga spp. 
Salinity 
Prefer low salinity <10 ppt 
conditions 
Water level 
Prolonged inundation 
has negative effects 
on growth 
Water flow 
Prefer flowing water 
to standing water 
Groundwater 
seepage – for 
maintenance of 
suitable conditions. 
Water lilies & floating 
macrophytes 
Nymphaea nouchal, Azolla 
filiculoides 
Water velocity 
Optimum velocities for 
growth are below 0.5 m s
-1
Salinity 
Restricted to areas 
where < 5 ppt 
Water depth 
Restricted to shallow 
waters between 0.5 
and 1.2 m 
Nutrients 
Invasive aquatics 
respond rapidly to an 
increase in nutrients 
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Table 29: The predicted change by each macrophyte habitat based on the eco-physiological tolerances
Habitat group 
Scenario 1 
“do nothing” (closed mouth) 
Low salinity, variable water level 
Scenario 2 
Maintain separate mouths (open) 
Higher salinity, low water level 
Scenario 3 
Link St. Lucia and Mfolozi mouths 
10 ppt, tidal conditions 
Macroalgae Adequate growth Adequate growth or die-back 
Increase in nutrients and marine 
water will affect growth positively 
Submerged macrophytes 
Grow well if salinity is within 
tolerance range 
Die-back if salinity is too high and 
water levels too low 
Grow well, but affected by high 
silt load 
Reeds & sedges Adequate growth Die-back if salinity is too high Grow well 
Mangroves Adequate growth or die-back Adequate growth 
Grow well in tidal conditions, but 
minimum of 10 ppt needed 
Grass & shrubs Grow well in low salinity Adequate growth Grow well 
Succulent salt marsh 
Die-back as saline, dry habitats 
preferred 
Grow well Adequate growth 
Swamp forest Adequate growth 
High salinity affects growth 
negatively 
Grow well 
Water lilies Grow well Die-back 
Grow well: low salinity, increase 
in nutrients 
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6. DISCUSSION
6.1. DISTRIBUTION OF MACROPHYTES 
The macrophytes of St. Lucia and the Mfolozi Swamps was mapped using GIS with the use 
of aerial photographs of 2013 and compared to GIS maps from 2008 (Nondoda, 2012). The 
changes in area cover of the various vegetation habitats (Table 21) show that the water level 
and salinity variations since 2008 have influenced growth and distribution of the vegetation. 
After the onset of the drought and the closure of the St. Lucia mouth in 2002, the lake levels 
dropped drastically and combined with high evaporation rates, the salinity increased 
(Appendix: Table 30: Changes at St. Lucia and Mfolozi systems over time and documented 
responses of vegetation). Water level did rise however, due to the brief beaching of the 
mouth in 2007 by Cyclone Gamede. In 2008, the salinity of the lakes was hypersaline, and 
salinity in the Narrows was recorded at 38 ppt at the Bridge (due to the brief opening of the 
mouth before sampling) (Nondoda, 2012) and water level was low (Taylor, 2008). In 2013, 
the salinity in the lakes had decreased again to near freshwater conditions (between 7 and 
16 ppt) and lake levels had risen.   
Intertidal vegetation consisting of mangroves, reeds and sedges and some swamp forest 
occurred in the Narrows in 2008 and 2013. Taylor (2008) noted the reduction in reed beds 
along the Narrows in 2008 due to drought conditions.  However Nondoda (2012) reported a 
thin band of reeds that grew in front of the mangroves. This was because of closed mouth 
conditions and consistent low salinity that allowed the reeds to expand.  Mapping results for 
this study showed that there was an increase in reed and sedge habitat along the banks of 
the estuary in 2013. In May 2013, Taylor et al. (2013) noted the reed beds in the Narrows 
were healthy and salinity was still low (15 ppt at the St. Lucia Bridge), however in June 2013, 
the salinity in the Narrows had increased to 25 ppt as seawater entered the estuary via the 
beach canal and back channel and moved towards the lakes. Reeds and sedges would die-
back if these salinity conditions persisted as maximal growth only occurs at low to moderate 
salinities (Naidoo and Kift, 2006).   
Mangroves decreased by 9%, or 28 ha since 2008. The decrease in mangrove area could 
be attributed to the drought period, when water levels were low and non-tidal conditions 
were present which caused dry sediment conditions. Kudu browsing may also be 
responsible for the degradation. As in Nondoda‟s study in 2012, mangroves were observed 
from the mouth of the estuary to the upper Forks, growing on the banks behind emergent 
vegetation. Some trees were observed on Fani‟s Island too. Ground-truthing revealed many 
mangrove seedlings in the mouth area. This was also noted by Taylor et al., 2013 (May 
Monitoring Report by EKZN Wildlife).     
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In 2008, all the feeder rivers (Mkhuze, Hluhluwe, Mzinene and Nyalazi) that once flowed into 
False Bay were dried up due to the drought and abstraction activities (Nondoda, 2012). This 
caused an increase in reeds and sedges in streams and creeks in the area. However in 
2013, they were inundated as the rivers were flowing strongly again and lake water level 
rose. Their cover expanded along the banks of North and South Lake in 2013 (by 390 ha) 
which could be a result of the reduction in salinity in the lake, as freshwater conditions are 
preferable for the dominant species Phragmites australis (Adams and Bate, 1999). Flooded 
Juncus kraussii and Schoenoplectus scirpoidus was also present lining the banks of the
Eastern shoreline. This was confirmed in the May Monitoring Report by EKZN Wildlife 
(Taylor et al., 2013). 
The biggest change in vegetation composition between 2008 and 2013 was the overall 
decrease in salt marsh by 57% and increase in submerged macrophytes by 96%, where the 
largest changes were observed in South Lake. After the drought, water level rose rapidly as 
rainfall returned to normal and the Mfolozi River connected to the sea and St. Lucia Estuary. 
This caused an increase in surface area of the water column (which includes the Lakes, 
Narrows, Back Channel, Link Canal and Mfolozi River) from 30 498 ha in 2008 to 32 624 ha 
in 2013. The increase in water level and the reduction in salinity in False Bay and the lakes 
(North and South) caused flooding and inundation of the salt marsh habitat, reducing the 
area covered by these plants. Submergence affects the physiology and productivity of the 
salt marsh plants and is therefore considered one of the major pressures that affect wetland 
plants (Duarte et al, 2014).  
In 2008 submerged macrophyte cover was low (19.3 ha) and these plants occurred in close 
proximity to sites of freshwater input (Nondoda, 2012). In 2013, large beds (431.5 ha) of 
submerged macrophytes were observed at Makakatana and Brodie‟s Shallows. The 
increase in water volume and change in salinity since 2008 may be responsible for the 
growth of the plants, which covered the area once inhabited by salt marsh. Stuckenia 
pectinata prefers lower salinity conditions (<15 ppt) than the other submerged macrophyte 
species and was therefore present in the Makakatana area that had a recorded salinity of 7 
ppt. Water levels had also risen since 2008 and were optimal for light exposure, encouraging 
growth of the species. This observation was confirmed by Taylor et al., (2013; May 
Monitoring Report by EKZN Wildlife) who reported more than 50% of the water surface in 
this area was covered by Stuckenia pectinata. Other species such as Ruppia, Najas and 
Lamprothamnion sp. were also present in small quantities. Before May 2013, Stuckenia 
pectinata beds occurred in the Narrows, but they have since been removed due to increased 
turbidity and rise in water levels (Taylor et al., 2013; May Monitoring Report by EKZN 
Wildlife). The potential linking of the Mfolozi and St. Lucia estuaries, which would encourage 
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the growth of many vegetation habitats due to the freshwater input, poses  a threat to the 
submerged macrophytes as inputs from the Mfolozi River would increase turbidity (high 
sediment load) in St Lucia Estuary (Whitfield et al., 2013). The presence or absence of these 
plants has a major impact on the biota of the system as epiphytes rely on them for 
attachment (Gordon et al., 2008), they are used as shelter for fish species and provide 
grazing for waterfowl (Mendez et al., 2014). 
Although the overall area of grass and shrubs decreased from 2008 to 2013, inundation of 
the habitat due to the rise in water level was observed in some areas of False Bay, which 
caused a decrease in area cover (ha). The decrease in swamp forest could be as a result of 
clearing by locals as burnt patches were observed in the 2008 aerial photographs by 
Nondoda (2012). Grobler (2009) also mentions the negative effect of local slash-and-burn 
farming practices on this habitat in the Maputuland area, by displacing the natural vegetation 
and modifying the substrate. 
Taylor et al., (2013; June Monitoring Report by EKZN Wildlife) noted that after the drought 
had broken the state of the system underwent changes very rapidly. In the future only 
seasonal changes are predicted (excluding the mangroves). Monitoring by organisations 
such as EcoAdvice (KZN Wildlife) takes place in order to track changes in cover and 
composition over time. Fixed-point photographs are taken on a regular basis to monitor 
shoreline and submerged vegetation (Taylor et al., 2013: May Monitoring Report by EKZN 
Wildlife).   
6.2. HEALTH OF THE MANGROVES 
6.2.1. Mangrove population structure and environmental characteristics 
This study investigated the effect of environmental factors (sediment moisture, salinity and 
redox potential) on the health of the mangroves. Plant height was measured in the field in 
2010 and 2013 and growth rate and density of different size classes were calculated to 
determine what effect the change in environmental conditions had on the mangroves. In 
2010, St. Lucia was in a drought phase. The mouth of the estuary was closed and the 
Mfolozi River was not connected to the St. Lucia Estuary, which caused non-tidal conditions. 
Unlike other estuaries, under closed mouth conditions, the St. Lucia Estuary had low water 
levels and low salinity levels and high sediment salinity (due to evaporation) in the intertidal 
regions (Hoppe-Speer, 2012). The mouth was open, briefly in 2007 (between March and 
August), following Cyclone Gamede. This resulted in the mouth being scoured and Site 1 
and Site 3 would have been tidal, while Site 2 remained fresh as it is a freshwater seepage 
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site (Hoppe-Speer et al., 2013). When this study took place (three years later) the Mfolozi 
Estuary was connected to both the sea and the St. Lucia Estuary via the Beach Canal. The 
St. Lucia monitoring report, compiled by Taylor et al. of Ezemvelo KZN Wildlife in May 2013, 
reported that the system was in the process of “bouncing back” from the drought and now 
that the physical characteristics, such as salinity and water level, were in the normal range 
for estuaries the primary producers were beginning to respond.  
Due to the changes in hydrodynamics, the physico-chemical characteristics of each site 
were expected to be very different from that measured in 2010, therefore affecting the soil 
and biota. The biggest change in terms of the “physical environment” occurred at Site 1, the 
back channel site. In the previous study this site represented the flooded site. It was created 
artificially as a link between the Mfolozi River and the Narrows and the water running 
through it was fresh (0 ppt) and flowing strongly due to high rainfall in the catchment prior to 
sampling (Hoppe-Speer, 2012). In this study the sediment was wet, but not submerged. The 
results indicated that Site 1 was the only site that experienced a significant increase in 
sediment salinity and decrease in sediment moisture since 2010. Salinity of the soil 
increased from less than 1 ppt to 26 ppt. It also had the highest sediment salinity when 
compared to the other sites (four times higher than Sites 2 and 3; and 8 times higher than 
Site 4). The porewater salinity of Site 1 in 2013 (29 ppt) was also significantly higher than in 
2010 (1 ppt) and all the other sites in 2013. Soil moisture content decreased significantly 
from 2010 (56%) to 2013 (50%) and consequently, redox potential increased significantly 
(from -189 to -14 mV). These results show that this back channel site was strongly 
influenced by the open Mfolozi Estuary (increase in marine waters) and tidal conditions at 
the time of sampling in 2013. Rajkaran et al. (2009) showed just how important these 
conditions were for the survival of mangrove populations, as mangrove forests were 
completely lost from eleven systems in KwaZulu-Natal between 1989 and 2006 due to long 
term inundation (Breen and Hill (1969) showed that a 50cm increase in water level for 154 
days will cause die-back). He et al. (2007) proposed that the knowledge of growth
adaptability of mangrove species under flood conditions will shed light on their natural 
zonation patterns, which can be used for rehabilitation as critical tidal levels may be set.   
In 2010, Hoppe-Speer recorded no seedlings or saplings for Site 1, only adult trees. The 
strong surface flow of the Mfolozi River was attributed as the main factor limiting seedling 
establishment. This study found that Site 1 had the highest number of seedlings (38 800 ± 
17 286 number of individuals per ha) and adult to seedling ratio when compared to all the 
other sites. These results indicate that the drier, less turbulent conditions are favourable for 
seedling establishment. The mangrove propagules were given time to establish at the site, 
unlike those studied by Tamai and Iampa (1988), who found that the low seedling count was 
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caused by tides, which carried the propagules away. Clarke and Allaway (1993) also 
suggested that salinity and sediment type were not responsible for higher levels of 
establishment, rather protection from wave wash. The high sediment salinity indicates tidal 
exchange and intertidal habitat, which favours mangrove recruitment, establishment and 
survival. These conditions were responsible for the massive Avicennia marina recruitment 
(Figure 12) at Site 1. Unlike the seedlings, the older trees at this site are capable of surviving 
a range of environmental conditions; freshwater to saline, waterlogged to dry.  
Site 2 had the highest total density (66 200 individuals ha-1) of mangrove trees compared to 
the other sites (in 2010 and 2013). This can be attributed to the stable conditions found here, 
as well as the age of the stand (year of establishment ca. 1960). This older, fresher site had 
low sediment (2 to 11 ppt) and porewater salinity (± 1 ppt) and high sediment moisture 
content (between 21 and 64 %). The Bruguiera stands (Quadrats 1 and 2) at Site 2 had 
lower sediment and porewater salinity compared to the Avicennia stands, which is 
characteristic of the B. gymnorrhiza mangroves as they are adapted to low salinity 
environments (Duke and Allen, 2006). The correlation analysis showed a positive correlation 
between population density and clay content of the sediment. The high clay content of the 
soil and the continuous input of freshwater at this site provide a favourable, wet environment 
for the mangroves. Mangrove sites with high clay contents have high moisture contents too;
this is due to the lattice design of clay particles as water is absorbed into the structure and 
retained (Srivastava et al., 2012; Dissanayake and Chandrasekara, 2014).
The Bruguiera gymnorrhiza stands showed a decrease in density of seedlings and saplings, 
but an increase in adults. In 2010, Hoppe-Speer (2012) suggested that the dense growth of 
Acrostichum aureum (mangrove fern) and Phragmites australis within the Bruguiera stands 
were responsible for out-shading the mangrove species. These conditions prevailed in 2013. 
Bruguiera gymnorrhiza primarily occurs in very distinct zones of soil salinity, soil type and 
tidal regime and in close proximity to its “mangrove associate” species such as Acrostichum 
aureum (also found to survive best in non-saline conditions) (Duke and Allen, 2006). 
However, Bruguiera seedlings are better adapted to shading than other mangrove species 
such as Avicennia alba or Sonneratia alba and have been shown to prefer closed canopies 
as opposed to gaps (Imai et al., 2006). High salinity has a greater negative effect on 
seedling growth than shading (Krauss and Allen, 2003). Therefore “shading” at Site 2 was 
not considered as the main constraint, but a contributing one. The limiting factor to seedling 
establishment at the Mtamvuna Estuary in KZN was a stand of Phragmites australis which 
cut the mangrove population off from the channel (Rajkaran et al., 2009). Perhaps at this 
site, the separation from the main channel is not due to the associates, but by a dense stand 
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of Avicennia marina trees and a boardwalk, which cause the drier, non-tidal conditions more 
suited to their growth and not the mangroves. 
The absence of Avicennia marina seedlings at Quadrats 3 and 4 of Site 2 could be due to 
the lack of available space on the forest floor. The dense mat of pneumatophores could be 
preventing establishment of new seedlings or the non-tidal, closed mouth conditions have 
reduced propagule production and dispersal (Figure 13: G). 
At Site 2 the sediment of the two Avicennia quadrats were waterlogged due to high 
freshwater seepage at the time of sampling and the Bruguiera quadrats were much drier. 
These observations were in accordance with previous studies that show the ability of 
Avicennia to tolerate flooded conditions. In a comparative study on the flooding tolerances of 
four mangrove species on the coast of China, He et al. (2007) found that the most flood 
tolerant mangrove species was Avicennia marina, while Bruguiera gymnorrhiza was the 
least tolerant. Avicennia seedlings adopted elongation strategies and their leaves showed no 
sensivity to flooding stress. Bruguiera seedlings however, showed similar strategies but stem 
elongation and biomass accumulation were highest in higher elevation zones (low flooding 
environments) and their leaves displayed sensitivity to flooding.  A. marina, the pioneer 
species among the two, exhibited an ability to adapt to broad habitats and grew well in the 
lower intertidal zone; whereas B. gymnorrhiza’s growth was significantly higher in the high 
intertidal zone (He et al. 2007).    
Sites 3 and 4 had the lowest sediment moisture content of all the sites in 2013 (43 and 42%, 
respectively); however sediment moisture content and redox potential increased since 2010. 
This can be attributed to the increase in rainfall in 2013 (no longer in drought phase) and the 
freshwater inflow from the Mfolozi Beach and Back Channels. Hoppe-Speer (2012) reported 
very low moisture content for the mangrove sites adjacent to the channel of the estuary in 
2010. The closed mouth at St. Lucia caused low water levels and lack of intertidal water 
exchange, which left the mangrove habitats exposed and dry. The sites with drier sediment 
were characterised by a low seedling and sapling density in 2010 (Hoppe-Speer, 2012). 
Sediment capping and propagule predation, by crabs (Longonje and Raffaelli, 2014) were
cited as the main causes. This scenario was found to be true in 2013, as both Sites 3 and 4 
had the lowest density of seedlings and saplings. The density and growth rate of the adult 
trees increased at both sites however from 2010 to 2013.  The trees could survive the harsh 
environmental conditions but recruitment and survival were affected.  
Although there was an increase in Avicennia marina density from 8 933 ± 2 234 
individuals.ha-1 in 2010 to 9 857 ± 3 282 individuals.ha-1 in 2013, this was due to the large 
increase in the seedling population at Site 1, which is a positive indication of the health of 
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this species at this site. However there was a decrease in density of this species at the 
remaining sites (2, 3 and 4) and the total density of Bruguiera trees decreased from 3100 ± 
506 in 2010 to 2317 ± 454 in 2013. This decrease may be the result of the drier, non-tidal 
conditions at Site 2. The lack of seedlings and saplings at Sites 2, 3 and 4 (75% of sites 
sampled) is a negative indication in terms of forest regeneration. Dahdouh-Guebas and 
Koedam (2002) describe two types of vegetation structure dynamics of mangrove forests or 
species: a colonisation dynamic type, which lacks adult individuals, or a degradation 
dynamic type, which has adults but lacks young (seedling and sapling) plants. The latter 
forest type may be threatened with decline, unless growth is accelerated.  
6.2.2. Pneumatophores and environmental conditions 
The percentage of aerenchyma of the pneumatophores of Avicennia marina trees was 
measured to determine whether or not waterlogging stress influenced the amount of 
aerenchyma produced. High root porosity is a function of wetland plants that allows them to 
grow in anaerobic soils or flooded conditions (Tomlinson, 1994). This study found that the 
percentage of aerenchyma area ranged from 72 to 86% of the total pneumatophore cross 
sectional area. A study, on which the methods of this study were based, investigated the 
formation of aerenchyma tissue in a mangrove plant, Sonneratia alba (which has a similar 
root system to Avicennia). Results indicated that the plant produced aerenchyma, a 
structural adaptation in its roots, as an adaptation to its anaerobic habitat. The area covered 
by the gas spaces was calculated up to 60% of the total pneumatophore cross section. The 
root porosity within the pneumatophores was greater than in any of the other root systems. 
The cable roots, anchor roots and feeding roots had 50, 41 and 39%, respectively 
(Purnobasuki and Suzuki, 2004).  
Significant correlations between the percentage of aerenchyma and environmental 
characteristics, redox potential and water table depth did not exist (except for a positive 
correlation between aerenchyma and water level at Site 1). This demonstrates that 
waterlogged soils do not produce more aerenchyma, compared to drier soils at St. Lucia. 
However aerenchyma is an adaptation used by the plant to grow at lower elevations. A study 
by Chen and Ye (2013) investigated the effects of three different tidal elevations (lower, 
middle and upper) and inundation periods (10, 8 and 6h. d-1) on Avicennia marina. The 
results (tree height, branching numbers and crown dimensions) indicated that the saplings 
grew best at middle elevations with 8 h. d-1 inundation periods. This was due to the fact that, 
unlike seedlings, saplings have well developed aerenchyma (approximately 70%), which aid 
root ventilation under waterlogged conditions.  
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Measuring the percentage of aerenchyma within the pneumatophores from different 
quadrats did not produce significant results. Even though the redox potential of the soil 
ranged from aerobic to anaerobic and water table depth ranged from deep to shallow, the 
percentage of aerenchyma of the various quadrats was not significantly different. In the past, 
it has been suggested that the number of aerenchymatous organs are pre-programmed and 
do not differ from flooded to non-flooded sites. A study by Allaway et al (2002) reported that 
the formation of gas spaces (in the number of pneumatophore root tips) was not an adaptive 
trait, but rather pre-determined. This could be the case for the aerenchyma present in the 
pneumatophores of the mangroves at St. Lucia or the response of aerenchyma to 
waterlogging stress is more gradual or dependant on period and depth of inundation. The 
waterlogging stress induced by the “wet” sites may not have been sufficient enough to 
promote aerenchyma formation. Aerenchyma was measured in two cordgrass species, 
Spartina alterniflora and Spartina anglica, which were exposed to flooded and non-flooded 
conditions. While S. alterniflora responded by increasing the amount of aerenchyma under 
flooded conditions, S. anglica did not. Different oxygen thresholds and a higher tolerance of 
flooding by the S. anglica species were stated as the main contributing factors (Maricle and 
Lee, 2002). As such, Avicennia marina could be classified as a superior wetland species, 
like S. anglica, able to tolerate many degrees of flooding without having to change its 
structure, which sometimes results in a trade-off between the maintenance of its 
physiological structure or a reduction in tissue respiration (Maricle and Lee, 2002; 
Purnobasuki and Suzuki, 2004). 
6.2.3. Faunal characteristics 
In 2010, Site 1 was flooded and any crab holes that might have occurred were covered by 
water, therefore a significant increase in crab holes to 43 600 ± 7 974 ha-1 in 2013. Site 3 
had the highest density of crab holes (53 700 ± 3857 ha-1). There was no correlation 
between the number of crab holes and sediment properties. However, Site 3 did have a low 
sediment salinity (6 ppt) and sediment moisture content (43%). These results are in 
accordance with a study that found the same species, Parasesarma catenata, was more 
tolerant of lower salinities and occurred in areas where salinity was 7 ppt (Khanyile, 2012). 
The decrease in total individuals for Site 4 could be a result of kudu grazing (due to soil 
compaction) at the site as Kudu have been observed (Hoppe-Speer, 2012) and the effects
of their grazing were evident at the time of sampling for this study too (grazed leaves).  
Hoppe-Speer (2012) observed that snail abundance was related to sediment moisture as the 
driest site (Site 4) had the lowest abundance (0 snails) and the two sites (Site 1 and 2) with 
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the highest sediment moisture contents had the highest abundance (148 300 ± 58 750 ha-1 
and 186 900 ± 91 640 ha-1, respectively). From 2010 to 2013 the density of snails increased 
significantly at Site 3 (from 85 200 ± 21 900 ha-1 to 129 000 ± 33 292 ha-1), due to an 
increase in sediment moisture content from 2010 to 2013. There was a significant decrease 
in sediment moisture content at Site 1 in 2013 (2300 ± 4 62 ha-1), as this was a completely 
flooded site in 2010 as well as a decrease in snail abundance. The distribution of the snail 
species is influenced by the sediment moisture as it forages during low tides and moves up 
the tree during high tides (Steinke, 1999). 
6.3. PREDICTED RESPONSE OF THE MACROPHYTES TO MANAGEMENT 
SCENARIOS 
Three scenarios were developed by the Global Environmental Facility (GEF) to determine 
the most suitable management option for the healthy functioning of the St. Lucia system. 
This study provided the experts with input on the eco-physiological tolerances of the 
macrophytes to be used in the DRIFT Model. The model outputs were not available as 
results of this study due to time constraints and copyrighting. Therefore a prediction of the 
response curve, as it would occur in the DRIFT Model was used. The comparative 
vegetation cover data for the years 1960, 2001, 2008 and 2013 showed changes in cover 
due to changes to the system and these have been linked to the scenarios outlined by the 
GEF according to the mouth condition for that year.  
Scenario one, is the “do nothing” scenario. No interventions such as dredging would take 
place and a predominantly closed St. Lucia mouth was predicted for this scenario. Lawrie 
and Stretch (2011a) simulated low salinity levels and highly variable water levels for this 
scenario. In 2008, drought conditions were still present, salinity was hypersaline (40 ppt) and 
water levels low (Scenario 1: closed mouth in drought) (Nondoda, 2008), this attributed to 
the highest recording of salt marsh cover along the Eastern and Western shores for all the 
years (Table 27). These results would be different from those predicted using the scenarios 
as drought conditions were present in 2008. The eco-physiological drivers of the habitats 
indicated that the halophytic macrophytes would be most affected by this scenario. 
Succulent salt marsh requires saline conditions (a primary driver) for growth (35 ppt) and 
therefore this macrophyte habitat will be negatively affected by the low salinity conditions. 
The water levels would be predominantly high, which would cause dieback of the shoreline 
vegetation. Swamp forest, succulent salt marsh and mangroves would all decline as they are 
inundated and the inundation period increases (Table 29). Taylor et al. (2006) noted that 
high water levels associated with mouth closures at St. Lucia are most detrimental to the 
97 
“dry” intertidal habitats and die-back of mangroves and salt marsh occur if they are 
inundated for extended periods.  
Scenario two is to maintain separate Mfolozi and St. Lucia mouths with water transfer 
channels (low volumes of freshwater would be transferred from the Mfolozi River into the St. 
Lucia system through small link canals). Salinity is expected to be highly variable with this 
scenario (Lawrie and Stretch, 2011a), but remain predominantly high due to marine input as 
the St. Lucia mouth would be open. The lake levels will be kept stable (but low) (Lawrie and 
Stretch, 2011a). The influx of marine sediment and hypersaline conditions are detrimental to 
estuarine macrophytes, as most are intolerant to high salinity (Taylor et al., 2006). The 
increase in salinity would negatively affect macrophyte habitats such as swamp forest, grass 
and shrubs, and reeds and sedges as these are not adapted to saline conditions. The 
predicted decrease in water level would have a negative impact on the growth of 
macroalgae, submerged macrophytes and mangroves (Table 29). 
In 1960 the mouth of the St. Lucia Estuary was being dredged to keep an open mouth state 
and kept separate from joining the Mfolozi Estuary (similarly to Scenario 2). Salinity and 
water level fluctuated and rainfall was low (Nondoda, 2012). Mangrove cover (189 ha) was 
the lowest recorded for all the years (Table 27). Taylor (2006) attributes this to dredging 
activities that caused waterlogging and anoxic conditions (Table 30).  
The third scenario would be to actively facilitate a single St. Lucia-Mfolozi mouth. Although 
this scenario would cause an increase in salinity and decrease in water level (similarly to 
scenario two), the rise and fall would be less drastic as the effects are shared between the 
two estuaries. Optimal salinity conditions are predicted for the majority of the macrophytes 
(approximately 10 ppt) and water level would become tidal, which is preferable for many 
habitats. However the large amount of fine sediment introduced by the Mfolozi River poses a 
threat to the submerged macrophytes as light availability is reduced. Whitfield et al. (2013) 
endorsed the combined mouth scenario and suggested the need to use the natural 
subsidence of the Mfolozi floodplain as a “sink” for new sediments flowing down the river.  
In 2001 the Mfolozi and St. Lucia estuaries shared a joined mouth (Scenario 3) and below 
average rainfall was recorded. Water levels were high and salinity low (between 5 and 10 
ppt) (Nondoda, 2012; Taylor, 2013) (Table 30). Submerged macrophytes were absent and 
salt marsh cover was low (21 ha) at the Eastern Shores (Table 27). In 2013, lake levels had 
risen as the drought had ended and salinity was low (due to the linking of the St. Lucia and 
Mfolozi estuaries via the beach canal) (Scenario 3). Submerged macrophytes had the 
highest cover for all the years (431.5 ha) and salt marsh decreased since 2008 along the 
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Eastern and Western Shores. This was because drought conditions prevailed in 2008 and 
there was a large, dry area as available habitat for the salt marsh. 
Scenarios 1 and 2 have “extremes” associated with them in terms of salinity and water level. 
Scenario 3 is therefore the recommended scenario as the salinity and water level conditions 
are preferable for all macrophyte habitats (Table 29). In addition to the macrophytes, other 
biotic groups such as fish and crustaceans would also benefit from the combined mouth 
scenario, as recruitment and breeding is affected during periods of prolonged mouth closure 
(Bate et al., 2011). Lawrie and Stretch (2011a) concluded that the best scenario for the 
overall functioning of the system would be Scenario 3 as the freshwater inflow from the 
Mfolozi is necessary for the healthy functioning (especially during dry conditions) and a more 
stable mouth regime by means of outflows into the sea.   
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7. CONCLUSION AND RECOMMENDATIONS
This study supports the findings of Taylor et al. (2006) and Nondoda (2012) that salinity and 
water level are the major drivers influencing vegetation expansion or die-back at St. Lucia. In 
2008, lake levels were low which encouraged the growth of salt marsh on exposed 
sediment. In 2013, lake levels had risen and the salt marsh was completely inundated 
(decreased in cover by 57%). Submerged macrophytes, which were absent in 2008 
colonised the South Lake at Makakatana in 2013 as the prevailing conditions were 
preferable for growth (increased water surface area and low salinity). The species identified 
was Stuckenia pectinata, and its cover increased by 97%. The mangroves decreased in area 
cover by 9%, this was due to the detrimental effects of the drought (low water levels and 
non-tidal conditions). Recruitment was low for all sites, except the back channel site, where 
tidal conditions, high sediment salinity (26 ppt) and porewater salinity (29 ppt) occurred. This 
demonstrates the need for marine inputs into the system. Hence, it is recommended that the 
best scenario for St. Lucia is Scenario 3, the linking of the St. Lucia and Mfolozi mouths as 
this represents more “natural” conditions. Research on the eco-physiological drivers of each 
macrophyte habitat has indicated that growth is expected for all the groups for this scenario 
as salinity of 10 ppt and tidal conditions are necessary. Without the input from the Mfolozi 
River, the functioning of the system will be compromised (Whitfield and Taylor, 2009). 
After the recommended scenario of joining the St. Lucia and Mfolozi mouths is implemented, 
minimal intervention or mouth manipulation activities should take place. It is recommended 
that research in terms of vegetation surveys and mapping continue, at least on a biennial 
basis. An on-going study to detect the changes in time and space would be an example of 
adaptive management, a growing practice which is needed for this dynamic system (Taylor, 
2013). This will help in making informed, future management decisions as the effect of the 
prevailing environmental conditions on vegetation distribution can be monitored. Periodic 
testing of silt and turbidity should also take place and every effort made to conserve the 
Mfolozi Swamps, which act as a filter system for sediments that are carried from the 
floodplain to the mouth.    
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9. APPENDICES
Table 30: Changes at St. Lucia and Mfolozi systems over time and documented responses of vegetation
YEAR STATE 
WATER 
LEVEL 
SALINITY 
VEGETATION 
RESPONSE 
REFERENCES 
1911 
Sugar cane cultivation was 
initiated on the Mfolozi swamp. 
This led to the canalization of 
the Mfolozi swamp area. 
- - 
Loss of Phragmites and 
Papyrus habitat 
Taylor (1980) 
1936 
The construction of a major 
canal, the Warner’s Drain, was 
completed and this removed 
the swamp’s ecological function 
of filtering sediment. By the 
1940‘s this had resulted in high 
sediment loads entering St 
Lucia from the Mfolozi River. 
- - - Taylor (2006) 
1937 Mouth open - - 169 ha of mangroves 
Van Heerden and Swart 
(1986); Adams et al. 
(2013) 
1940’s 
The Mfolozi swamp was 
drained to prepare the land for 
cultivation. 
- - 
The loss of the filtering 
wetland resulted in an 
increase in the silt 
content of the water, 
which later resulted in 
the clogging of the 
mouth. 
Anon. (1965) 
1948 Mouth open 
Hypersaline (44 
ppt in North Lake, 
53 ppt in False 
Bay) 
Kriel (1966) 
119 
Pre - 1952 
Natural conditions occurred. 
The St. Lucia and Mfolozi 
mouths were joined. 
Long periods 
of open mouth 
condition. 
Once closed 
however, water 
level would 
rise. 
Fresher salinity 
conditions as 
water from 
Mfolozi enters the 
system 
Mangrove expansion 
limited when water levels 
raised 
Adams et al. (2013) 
Open mouth during dry 
conditions. 
High salinities of 
>45 ppt for 4
months
Salt tolerant succulents 
replaced reeds and 
sedges 
Lawrie and Stretch 
(2011); Adams et al. 
(2013) 
Early 50’s 
26% of the Eastern shores was 
converted to a pine plantation. 
- - 
As early as March 1964, 
the area covered by 
pines was 3853 ha. The 
Department of Forestry 
replaced indigenous 
vegetation (grassland) 
with Pinus elliottii. 
Evapotranspiration loss 
was estimated to be 10 
million m3 per year at the 
4684 ha plantation; this 
is detrimental, as it 
reduces groundwater 
seepage which aids in 
reducing salinity levels 
during drought periods. 
Taylor (1980); Lindley and 
Scott (1987) 
1952 
St. Lucia mouth artificially 
dredged to prevent it from 
drying out in drought 
conditions. Separated from 
Mfolozi mouth. 
Mean sea level 
(not highly 
variable) 
Salinity in estuary 
close to that of 
sea waters’ in 
Narrows (highly 
variable 
everywhere else) 
Narrows: Mangrove 
populations thrived due 
to tidal conditions and 
optimum salinity levels 
while submerged 
macrophytes were 
absent due to unstable 
Adams et al. (2013) 
120 
sediment and high flows. 
Growth of salt tolerant 
succulents and grasses 
encouraged. Large 
losses of reed beds. 
1950–1960s 
Dredging blocked off Dukuduku 
channel 
Flooding and anoxic 
conditions led to loss of 
a large area of 
mangroves 
Taylor (2006) 
1960’s (1962–
1965) 
Subtle changes in salinity - 
Low salinity 
conditions (+/- 20 
ppt) 
Dense beds of 
submerged macrophytes 
(Stuckenia pectinata, 
Zostera capensis and 
Ruppia cirrhosa) 
RDM Study, Adams et al. 
(2013) 
1963 Flood: - 20 – 30 ppt 
Heavy rainfall flooded 
15000 ha of cultivated 
land on the floodplain 
(sugar cane). 
Taylor (2006) 
1968- 1971 Drought: - 
Extended 
hypersaline 
conditions (>35 
ppt). 120 ppt 
measured in 
northern parts of 
the lake 
Reed beds died 
Ward (1976); Taylor 
(2006) 
1970 - 1980 
Heavy rains, cyclones, floods. 
Mouth closed and was opened 
artificially more than once. 
- 
1970-1974: 
between 20 and 
60 ppt 
1974-1980: <20 
ppt 
160 ha of mangroves (9 
ha loss since 1937) 
Blok (1976); Ward and 
Steinke (1982) 
Cyclone 
Domoina 1984 
Discharges were approximately 
16730 m3 s-1 
- 
Salinity averaged 
>20 ppt
Mangroves were 
damaged by flooding, 
32.9 % of B. 
gymnorrhiza and 16.2 % 
of A. marina died and 
Steinke and Ward (1989) 
121 
detritus was also lost.  
The impact of Cyclone 
Domoina on the 
mangroves communities 
was observed from 
aerial images and site 
visits. 
Cyclone 
Imboa 
1984 
Cyclone on 18 February 1984 
Water levels 
rose to over 
1.7m mean 
lake level due 
to heavy 
rainfall. 
Salinity averaged 
>20 ppt
Flooding destroyed the 
roots and the base of the 
mangroves, mangroves 
recovered after the 
mouth had been scoured 
and water had rapidly 
subsided. The A. marina 
community in the vicinity 
of the mouth, at the 
north bank, died. 
On 15 May 1984, B. 
gymnorrhiza adults, of 
up to 3.5 m in height 
died. 
Mid-August 1984, adults 
ranging from 2 to 2.5 m 
died, but did not show 
signs of stress. End April 
1984, dead mangrove 
saplings and Phragmites 
australis were encrusted 
by polychaetes at the 
water mark (level), at the 
Forks which were 
inundated for a longer 
period. Cyclone Imboa 
had a long term impact 
on the mangrove 
Steinke and Ward (1989) 
122 
population, for eight 
months after the flood; 
there was an increase in 
leaf litter and mangrove 
mortality. 
1988 - 1992 Wet period - Salinity +/- 10 ppt Taylor (2006) 
1992 - 1994 
Combined mouths. 
Unsuccessful attempts made to 
separate the mouths. 
- 
Salinity: 20 – 60 
ppt 
Taylor (2006) 
2000 
Above average rainfall – mouth 
open, 
- 
Low salinity 
levels (<5 ppt) 
Taylor (2013) 
2001 
Below average rainfall – Mfolozi 
and St. Lucia share a mouth 
High water 
level 
Low salinities (5 – 
10 ppt) 
Nondoda (2012); Taylor 
(2013) 
2002 
Decision made to stop 
artificially opening St. Lucia 
mouth. Drought started. 
- 
Salinity below 20 
ppt 
Taylor (2013); Adams et 
al. (2013) 
2004 
Overtopping of Mfolozi into Link 
canal and into closed St. Lucia 
estuary 
- 
Salinity: >20 ppt 
up to 200 ppt 
Taylor (2006) 
Cyclone 
Gamede 
2007 
On 2 March 2007, 
approximately 12 million tonnes 
of salt entered the system. 
Hypersaline 
conditions (20-40 
ppt) 
This suppressed the 
growth of submerged 
vegetation with narrow 
salinity tolerance ranges, 
catastrophic as 
submerged vegetation 
forms part of the juvenile 
fish diet. 
Bate and Taylor  (2007) 
2007 
St. Lucia mouth opened in 
March for 6 months 
Hypersaline 
conditions (20-40 
ppt) 
Sarcocornia and sedges 
sensitive to flooding and 
salt therefore 
diminished, resulting in 
an increase in litter. 
Species such as Juncus 
kraussii and Paspalum 
Taylor (2008) and (2013) 
123 
vaginatum survived 
inundation. The 
inundated parts of P. 
vaginatum appeared 
unhealthy, with no 
leaves and above the 
water the leaves were 
healthy. At the 
groundwater fed sites, 
reeds appeared healthy 
but at the Narrows reeds 
were dying back 
2008 
Low water 
level. 
Salinity: 40 ppt 
304.9 ha of mangroves 
measured (48% increase 
in habitat since 1980’s) 
owed to artificial 
breaching and tidal 
habitat. The low water 
level contributed to: a 
significant increase in 
salt marsh at 
Makakatana (66%) and 
Brodie’s shallows (77%) 
and dry Phragmites 
(81%) on Fanies Island 
since 2001. There was 
also an increase in 
submerged macrophytes 
(at Brodie’s) since 2001. 
Nondoda (2012); Adams 
et al. (2013) 
2009-2011 
2009-2010: Algal bloom in 
North Lake, severe high salinity 
conditions, drought conditions 
worsen. 2011: decision to 
intervene less with Mfolozi 
Taylor (2013) 
124 
Mouth, second back channel 
excavated 
2012 
Cyclone Irina, drought is 
broken. New beach channel 
link St. Lucia and Mfolozi 
Water level 
rises 
considerably 
Salinity is under 
35 ppt by end of 
year 
Taylor (2013) 
2002- 2012 
Drought ensued. Mouth 
dredging stopped; therefore St. 
Lucia mouth remained closed 
(except for 6 months in 2007). 
Extremely low 
water levels 
present 
Extremely saline 
conditions 
ranging from 20 
to 200 ppt 
(except in the 
Narrows where 
Mfolozi back 
channel 
maintained fresh 
conditions) 
Juncus kraussii 
communities thrived 
from freshwater input 
from the groundwater 
seepage sites and 
rainfall. 
Zostera capensis was 
lost from the system due 
to hypersalinity. Low 
salinity of the Narrows 
caused: The submerged 
macrophyte (Stuckenia 
pectinata) to expand and 
reeds replaced 
mangroves as 
pneumatophores are not 
periodically inundated; 
mangroves are high out 
of water. Exposed 
beaches, due to low 
water levels were 
colonized by succulent 
saltmarsh, P. australis, 
Schoenoplectus 
scirpoideus, sedges and 
salt resistant grasses. 
Taylor (2006); Nondoda 
(2012) 
2013 
Future (2013 
+) 
Climate change: Increased 
frequency and severity of 
Non-tidal, high 
water levels 
Hypersaline (>35 
ppt) 
Disturbance of intertidal 
vegetation due to non-
Steinke and Ward (1989); 
125 
droughts and storms will result 
in prolonged mouth closure, 
tidal conditions; 
inundation of 
pneumatophores, 
swamp forest, salt marsh 
and reeds; uprooting of 
trees from storms 
Adams et al. (2013) 
Table 31: Mangrove site locations and sampling details
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Site 1 
Quadrat 
1 
28
o
23’31.9080”S 
32
o
24’19.2540”E 
Avicennia 
marina 
83200 0 9200 28.53 33.37 47.95 11.73 43.32 54.99 1.69 -24.33 8400 30400 
Quadrat 
2 
28
o
23’31.6380”S 
32
o
24’18.8280”E 
Avicennia 
marina 
61600 0 16800 29.88 32.57 51.06 12.38 45.20 43.43 11.37 -27.33 0 38000 
Quadrat 
3 
28
o
23’31.8180”S 
32
o
24’18.7860”E 
Avicennia 
marina 
1200 0 16800 23.07 31.76 50.03 11.15 42.86 48.51 8.62 -36.17 800 62400 
Quadrat 
4 
28
o
23’32.1600”S 
32
o
24’18.9300”E 
Avicennia 
marina 
9200 0 11200 22.65 30.78 48.76 12.59 46.38 48.84 4.78 -15.17 0 43600 
Site 2 
28°22'38.12"S 
32°25'23.60"E 
Quadrat 
1 
no data 
Bruguiera 
gymnorrhiza 
0 0 12400 2.25 1.29 21.28 2.51 15.30 12.08 72.62 -138 2400 66400 
Quadrat 
2 
no data 
Bruguiera 
gymnorrhiza 
400 2000 54000 2.03 1.21 63.95 15.65 31.56 39.69 28.76 -165.83 203200 0 
Quadrat 
3 
no data 
Avicennia 
marina 
0 0 41200 9.18 1.18 63.63 13.97 32.27 35.70 32.025 -152.83 466400 0 
Quadrat 
4 
no data 
Avicennia 
marina 
0 0 21600 11.05 0.98 60.61 12.01 34.32 26.51 39.17 -135.50 364400 0 
126 
Site 3 
28º23’12.6”S 
32º24’14.646”E 
Quadrat 
1 
no data 
Avicennia 
marina 
0 400 1400 5.37 13.23 40.44 7.77 57.31 26.78 15.90 -63.11 394 46400 
Quadrat 
2 
no data 
Avicennia 
marina 
0 400 18800 7.26 12.21 43.86 9.57 50.33 23.38 26.28 -38.89 295 67600 
Quadrat 
3 
no data 
Avicennia 
marina 
0 800 19600 6.93 10.23 45.27 9.56 52.07 26.83 21.10 -37.33 505 42000 
Quadrat 
4 
no data 
Avicennia 
marina 
0 0 16800 5.88 9.08 44.33 8.54 60.37 28.63 11 -74.22 96 58800 
Site 4 
Quadrat 
1 
28
o
20’54.1440”S 
32
o
24’40.7040”E 
Avicennia 
marina 
0 0 7200 3.45 8.99 43.31 9.89 46.17 47.75 6.08 -100.67 0 21600 
Quadrat 
2 
28
o
20’54.6240”S 
32
o
24’41.8560”E 
Avicennia 
marina 
0 0 20000 3.48 8.83 40.17 9.97 51.29 58.49 -9.78 -118.17 0 18000 
Quadrat 
3 
28
o
20’54.9762”S 
32
o
24’42.2460”E 
Avicennia 
marina 
0 0 41200 4.45 8.97 39.65 10.09 57.71 54.26 -11.98 -86 0 12800 
Quadrat 
4 
28
o
20’55.1040”S 
32
o
24’42.7040”E 
Avicennia 
marina 
0 0 9200 2.98 9.39 44.75 11.02 51.45 49.15 -0.60 -50 0 0 
